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EXECUTIVE SUMMARY

This report describes test problems that can be used to validate numerical simulations of nuclear
explosion fields. A particular emphasis is placed on turbulent mixing and other “non-ideal”
effects (thermal layer precursors, turbulent wall jets and dusty boundary layer flows) created by
the interaction of the explosion wave with ground surfaces. The importance of such effects is
illustrated by a comparison of the peak stagnation pressure versus ground range. In the precursor

regime ( HOB <700 ft/KT" and GR <1100 ft/KT" ) stagnation pressures from non-ideal

effects are an order of magnitude larger that the corresponding ideal-surface case. Seven
problems are considered:

(i) blast waves from nuclear explosions,

(i1) blast wave reflections from ideal surfaces,
(ii1) blast wave reflections from ground surfaces,
(iv) spherical mixing layers,

(v) Kelvin-Helmbholtz mixing layers,

(vi) wall-bounded mixing layers,

(vii) height of burst curves.

The need for additional work is described in the Recommendations section, which includes tasks
in support of the V&V, Complex Hydro and Output and Effects Programs.
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Introduction

This manuscript describes a framework for validating LLNL computer codes for
simulating nuclear explosion fields. A particular emphasis is placed on turbulent mixing and
“non-ideal” effects'” resulting from the interaction of an explosion wave with real surfaces.
These problems have traditionally proved difficult to validate, even though there appears to be a
wealth of information available.

The simplest case is the reflection of a spherical blast wave from an ideal surface, shown in Fig.
1. For the considered height-of-burst (HOB), a simple Mach stem structure (incident shock,
Mach stem, reflected shock and slip line) has formed by the time (0.77 s) depicted in Fig. 1la.
This blast-wave-induced Mach stem structure has been visualized by a shadow photograph
presented in Fig. 1b.

One of the principal differences between blast waves from nuclear charges versus high explosive
(HE) charges is the high temperature in the nuclear fireball (~10" K) versus the HE fireball
(~3,000 K). The nuclear fireball emits thermal radiation that is absorbed by the ground, forming
a high-sound-speed layer on the surface. The reflected shock propagates faster in the hot layer
than in the air above it—forming a precursor shock that out-runs the main blast wave, as shown
in Fig. 2. Therefore the flow near the surface is dramatically modified compared to the ideal-
surface case shown in Fig. 1.

If the reflecting surface is actually a ground surface, then the high-speed flow near the surface
forms a high-speed wall jet that entrains dust into the flow, forming a turbulent dusty boundary
layer (Fig. 3). The flow near the ground is dramatically different than that found in reflections
from ideal surfaces (Fig. 1) and hot surfaces (Fig. 2). For example, the peak stagnation pressure
for a nuclear HOB is shown in Fig. 4 as a function of ground range (GR). It shows that the peak
stagnation pressure for a nuclear HOB can be an order of magnitude larger than that from a blast
reflection from an ideal surface. And it is the stagnation pressure that is the relevant parameter
for loading above ground structures. This is not taken into account in weapon effects models [1]
which are based on ideal-surface HOB curves (see Problem 7).

In this manuscript, we have identified seven problems related to the above-described flow fields:

* Problem 1. Blast Waves from Nuclear Explosions: early-time radiation hydrodynamics
flow that evolves into a gasdynamic explosion field. The principal diagnostic is the so-
called free air curve (peak over-pressure versus radius from the explosion center).

* Problem 2. Blast Wave Reflections from Ideal Surfaces: regular and Mach reflections
from wedges, and the reflection of an HE-driven blast wave from a surface are compared
with experimental data.

' Samuel Glasstone (Editor), Effects of Nuclear Weapons, US Atomic Energy Commission, April 1962, 730 pp.
“A.L. Kuhl, Airblast Effects from Nuclear Explosions over Real Surfaces, DNUG Meeting, April 2012 (in press).
AL Kuhl, P. Wang, Nuclear Explosion at 500 feet above a Ground Surface, NECDC 2012 Proceedings (in press)
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* Problem 3. Blast Wave Reflections from Ground Surfaces: precursor shock structure,
turbulent wall jet and dusty boundary layer flow.

* Problem 4. Spherical Mixing Layers: evolution of the turbulent flow, mixing layer
growth, mean and root-mean-squared (RMS) profiles in the mixing layer, decay of the
turbulent kinetic energy, evolution of the turbulent kinetic energy spectra (both rotational
and dilatational components).

* Problem 5. Kelvin-Helmholz Mixing Layers: transition in free shear layers are compared
with the fundamental experiments of Brown & Roshko (1974) and Oster & Wignanski
(1982).

* Problem 6. Shock-induced Wall Mixing Layers: transition in dusty boundary layers and
dense-gas boundary layers is compared with experiments.

*  Problem 7. Height of Burst Curves: HOB curves for HE-driven blast wave reflections
from smooth versus ideal surfaces (Reichenbach & Kuhl, 1991) are compared with
nuclear HOB curves for ideal surfaces (Carpenter, 1994).

We hope that this manuscript will serve as benchmark for validating hydro-code simulations of
nuclear explosions and their reflections from various surfaces.
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(a) Numerical Simulation (z = 0.77 s)°
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Figure 1. Blast reflection from an ideal surface.
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(a) Numerical Simulation’

100

6

60

40

20

20 40 60 80 100

EMI Test 13158/14: M = 1.95; surface temperature 930 K above ambient

Figure 2. Blast wave reflection from a hot surface.
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(a) Numerical Simulation’
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(b) Shadow Photograph (courtesy of EMI)

Figure 3. Blast wave reflection from a ground surface.
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Figure 4. The peak stagnation pressure ( p,) as a function of ground range (GR) for a height of

burst (HOB) explosion is compared with that from an ideal surface burst’. The airblast-
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factor of 10, compared to the ideal surface case (for GR <1000m ). This “non-ideal” effect is not

taken into account in previous studies.



Problem 1: Blast Waves from Nuclear Explosions
Introduction

The theoretical description of blast waves from nuclear charges has been predicted by Hal Brode
using a one-dimensional Lagrangian radiation-hydrodynamics code with a von Neumann
artificial viscosity to capture the shock [1]-[4], [8]-[9]. The solution was scaled to 1 kiloton using
cube-root scaling and published in the Annual Reviews of Nuclear Science in 1968. Much of that
article was used by Samuel Glasstone in his famous monograph: Review of Nuclear Weapons
Effects [5] published in 1962, and by Philip J. Dolan, Editor of Effects Manual 1 (EM-1) Part I:
Phenomenology [22] published by the Defense Nuclear Agency in 1972.

The flow field from a nuclear explosion is quite accurately described by the “point explosion
solution”, first discovered by Academician Leonid Ivanovich Sedov [16-17] in 1946, and
independently by Sir Geoffrey I. Taylor [12-13] in 1950. This is one of the prominent similarity
solutions found in Sedov’s seminal monograph: Similarity and Dimensional Analysis in
Mechanics—the definitive work on this subject. Its mathematical underpinnings were provided
by Bridgeman’s famous book: Dimensional Analysis published in 1922. This method was used
by Oppenheim et al. [11] to predict all possible self-similar blast waves bounded by a strong
shock in 1972. Other similarity solutions can be found in Stanyukovich’s book: Unsteady Motion
of Continuous Media [18-19] published in 1960.

The point-source solution was extended to low pressures by John von Neumann in 1941. Shock
tracking was used to accurately capture the shock jump conditions in the 1D Lagrangian
simulation [14]. Originally this manuscript (NDRC Div. B, Report AM-9, 1941) was classified;
in 1955 it was published under the title “Blast Wave Calculation” [15].

Radiation Hydrodynamics Solution

The formation of a blast wave from a nuclear explosion is illustrated in Fig. 1. The time-distance
diagram shows the propagation and decay of the radiation front and the case shock formed by the

expanding bomb vapors. The case shock overtakes the radiation front at t=0.1ms/KT" and

R =8m/KT" ; thereafter the flow field is accurately represented by the point source solution, as

shown in Fig. 2. The fireball diameter from the nuclear simulation is about 10 percent bigger due
to radiation-diffusion growth, over and above the hydrodynamic growth.

Free Air Curves*

Computed points from Brode’s kiloton (KT) and megaton (MT) rad-hydro simulations are shown
in Fig. 3. Notice that the kiloton results (blue points) and MT results (red points) lie on a single
composite curve:

Ap ~2.6+35%x10°/ R* (1)

4 . . . .
i.e., the peak over-pressure as a function of scaled radius from the explosion center.
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The blast wave from a 36.6 KT explosion was simulated with our two-dimensional (2D) AMR
code. A second order Godunov scheme was used to integrate the gas dynamic conservation laws.
A tabulated equation of state, based on Gilmore’s thermodynamic solution for the equilibrium
properties of air up to 10" K [6], was used. Two cases were computed: (i) a 2D explosion in a
uniform sea level atmosphere, and (ii) a 2D explosion in a stratified US Standard atmosphere
(see Appendix B for its definition). The point explosion solution (Fig. A2) was used to initialize
the grid, starting when the shock radius was 160 ft/KT'”. Results were cube root scaled to one
kiloton, and presented in Fig. 4. Computed peak shock pressures for the uniform-atmosphere
case (black points) lie on top of the Brode’s free air curve. This proves that outside 30 ft/KT"”,
the blast wave solution is totally gasdynamic (i.e., radiation diffusion no longer influences the
solution). Also shown in Fig. 4 are the results from the 2D simulation of an explosion in the US
standard atmosphere (green points), sampled along a horizontal radius at the burst height. One
can see that the green points fall further and further below the free air curve as the blast wave
expands. This is because the pressure gradient in the atmosphere induces a rarefaction in the
blast wave, causing the shock to weaken when measured in the horizontal plane.
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Figure 1.1 Time-distance diagram of the evolution of the thermal wave front and bomb case
shock for a 1-MT explosion, based on Brode’s 1D numerical simulations [4].
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Appendix A. Analytic Solution for a Point Explosion5

2

1. Integral Curve: z(F)=/—1U=DF 1y<F<2/(y+1) (A1)
2 F-1ly
FVr( Foty\ (e r )

2. Quadrature: x(F)=|— Y ¢ (A2)
£} \E-1y) \oF,

where

A=j+1=3

a=G+D)y-1)+2=3y-1=32
c=(A+2)/a=5/a=5/Cy-1)=1.56250

d=—""1 _0.10526

b a(yc-1)
dy =202 _ 4 49507
ac(yc-1)
F = 2 =0.83333
y+1
Z =yF (1-F,)=0.1944
3. Flow Field:
o ux) F
Velocity: u—n = an (A3)
L
_ (r-2)
Lo n ) (A4)
Temperature: ? =x’ Z£ (AS5)
Pressure: M = ﬁl (A6)
p, P, T,

>A.K. Oppenheim, A. L. Kuhl, E. A. Lundstrom, M. M. Kamel, A parametric study of self-similar blast waves, J.
Fluid Mech. 5(4), 1972, pp. 657-682.
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Appendix B: Analytic Solution for Atmospheric Structure®

Hydrostatic Law: dp=-p(2)g(2)dz (BD)
M, 1

Perfect Gas Law: =p—_ B2

p=p R T (B2)
Empirical Temperature Profile: T(H)=T, + L’b (H-H,) (B3)
Geo-potential Height: h=H-H,=["dH= [ 8@ 4, (B4)

b 8o
Pressure: dp =- p% s@dz _ _,8M, g()dz (B5)
R, T(2) R, gT(z)
[diogp=-2Mo p L __gMy o dH (B6)
R J1H) R YT +LH
M T,+L,(H-H
1Oge(p/ph)=_g0 Ologe( b+ b( b)) (B7)
Ru ow
8oM g
, R,L,

Power Law (L, =0): P _ L (B8)

Py T,+L,h
Exponential Law (L, = 0): P _ exp(—go—M0 h) (B9)

pb M'Tb

288.15-6.5h)"
Altitude Regime 0 < H<11 km: P (—) (B10)
D, 288.15
Altitude Regime 11km < H<20 km: |2 =exp(-=C,h) (B11)
P
H H T,
Density: pU) _ P )x . (B12)
Po Po T(H)

where h=H - H, (km)

oM. Dubin, N. Sissenwine, H. Wexler, Co-chairmen, US Standard Atmosphere 1962, US Government Printing
Office, Washington, DC 1962, 278 pp. (produced by the United States Committee on Extension to the Standard
Atmosphere: COESA)
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Evaluation of Constants

gM 980.665(cm / s*) x 28.9644(g / mol
| =—o — Oem /5 ) (8/mol) ___ _ 5555820518
R.L, 8.31432x10'(dyn—cm/mol-K)x6.5K/10°cm
2
C. - gM, 980.665(cm /s7)x28.9644(g / mol) 0.157688413/ km

2

RT,  831432x10"(dyn—cm/mol - K)x216.65(K)

P, =1.325x10° dynes /| cm® & T, = 288.15K @ sea level; L, = -6.5 K / km
p,=0223361xp, & T,=216.65K @11km; L, =0

g, = 980.665cm/ s
M, =28.9644 g/mol
R, =8.31432 joules |/ K —mol
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Figure B-1. Temperature profile of the US Standard Atmosphere 1962.
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2.1 Regular Reflection from a Wedge (M=2.05, 6 = 60 degrees, argon, y=1.3)"*

Region olo, Region plo,
0 1.00 h 3.86
1 2.33 i 3.80
2 4.38 j 3473
a 4,32 k 3.67
b 4,25 1 3.60
c 4.19 m 3.54
d 4.12 n 3.47
e 4.06 o 3.41
£ 3.99 p 3.34
g 3293 q 3.28

J

Figure 4a - Interferogram

=
<

"H. M. Glaz, P. Colella, I. I. Glass, and R. L. Deschambault, A Detailed Numerical, Graphical and Experimental
Study of Shock Wave Reflections, LBL-20033, Lawrence Berkeley Laboratory, 1985, 380 pp.

SH. M. Glaz, P. Colella, I. 1. Glass, R. L. Deschambault (1985a) A numerical study of oblique shock-wave
reflections with experimental comparisons. Proc. R. Soc. London, Ser. A, 398, pp. 117-140.
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2.2 Mach Reflection from a Wedge (M =2.03, 0 = 27 degrees, air, y=1.4)’

1 1.00

2 3.68

3 3.33

a 3.36

b 3.44

c 352

d 3.60

e 3.68

f 375

g 3.83
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2.3 Double Mach Reflection from a Wedge (M =8.70, 6 = 27 degrees, air )’

Region :t/nO Region o/o.
0 1.00 g 13.32
1 5.63 h 13.95
1’ 6.89 1 14,58
2 7.44 i 15.21
3 5.74 k 15.84
a 9353 1 16.47
b 10.16 m 17.10
c 10.79 n 17.73
d 11.42 o 18.36
e 12.05 p 6.37
3 12.68 q 8.07

Figure 16a - Interferogram
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Test Matrix: Shock Reflections from Wedges’

CASE | FIGURE| GAS | TYPE | @w | Ms | Po(kPa)| polgmicc) | EOS [NX | NY
1 4 Argon RR  60° 205 2000 323X10% y=5/3 355 90
) o 5 =14
2 5 Air RR 45 126 101.12 1,146 X 10 Hansen 350 160
3 6 Ai SMR 45° 1.50 50.66 573X 104 r=14 375 160
i : . ) Hansen
4 7 Al DMR 47° 3.03 3.33 377X 105 y=14 500 120
ir " : : Hansen
5 8 Air CMR 30° 2.65 13.33 152 X 104 r=14 390 125
* y ) Hansen
6 9 Argon CMR 300 5.07 4.00 6.45 X105 ¥=5/3 420 140
7 10 Air CMR 10° 10.37 6.67 753 X 10  Hansen 400 140
o 4 Y=14
8 1 Air SMR 40 1.66 33.33 3.8 X 10 375 135
Hansen
9 12 Air DMR 40° 2.87 16.67 1.9x 104 r=14 420 110
Hansen
0 5 r=14
10 13 Air DMR 40 3.72 6.00 6.87 X 10 420 100
Hansen
11 14 Air DMR 40° 462 2.80 319 x 105 :2 = 420 96
ansen
12 15 Air SMR 27° 203 33.33 3.87 X 104 y=14 350 130
13 16 Air DMR 27° 8.70 4.10 476 X10°  Hansen 440 85
14 17 Air C/DMR 20° 7.19 8.00 9.29 X 103  Hansen 420 120
15 18 Air DMR 20° 886 4.10 4.65 X 104  Hansen 500 110
. .
2.4 Shock Reflection Factors for Air
v [t T I l T T . LA T T . e T T i T
RY: - P eee——
N Fe) 3P — _
’ b — T ] .
ap\ ~ e e
a— LA OF 8 GUE AR ILFLECTION T —
ZUTHLUHE HICAL  BIGONOUS) /// i —

STION FACTOR he + 3P, 39

REFLED

ADIABATIC AIR SHOCK REFLECTION FACTORS
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2.5 HE-Driven Blast Wave Reflection from a Surface’

Abstract

Flow fields associated with one-dimensional free-air explosions are well known both for the
point-source case and for the case of a blast wave driven by the detonation of a high-
explosive (HE) charge. Considered here is the two-dimensional case of the reflection of a
spherical, HE-driven blast wave from an ideal plane surface. The evolution of the flow field
was calculated with a non-diffusive numerical algorithm for accurately solving the Euler
equations. This algorithm is based on a second-order Godunov scheme and a monotonicity
algorithm that is designed to give sharp shocks and contact surfaces while smooth regions of
the flow remain smooth yet free of numerical diffusion. The incident HE-driven blast wave
was accurately captured by a fine-zoned one-dimensional calculation that was continuously
fed into the two-dimensional mesh. The latter incorporated a fine-zoned mesh that followed
the reflection region and accurately resolved the complicated flow structure occurring on
multiple length scales. Major findings in the regular reflection region were as follows.
Portions of the main reflected shock reflected within the channel formed by the wall and the
dense HE products, thus creating additional pressure pulses on the wall. Coherent vortex
structures formed on the fireball as a result of the interaction of the reflected shock with this
contact surface. The flow did indeed make a transition to a double-Mach structure, but this
transition was delayed 1.5 to 3.8 degrees beyond the two-shock limit of regular reflection
because the nascent Mach stem was less than one cell high in this region. The double-Mach
structure with its two moving stagnation points was similar (but not identical) to an
equivalent shock-on-wedge case. A key feature of this flow was a supersonic wall jet
(velocity of 3.5 to 4.3 km/s) consisting of a free shear layer and a wall boundary layer. The
wall jet was laminar in these calculations, but should actually be turbulent due to Reynolds
number considerations. Nevertheless, calculated peak pressures were found to be in excellent
agreement with experimental data at all ground ranges.

I. Introduction

Considered here is the two-dimensional axisymmetric reflection of a spherical high-
explosives (HE)-driven blast wave from a plane surface. The temporal evolution of the flow field
was calculated with a second-order Eulerian Godunov scheme that accurately solves such
inviscid compressible flow problems on a very fine computational mesh. The accuracy of the
solution was confirmed by experimental pressure data for the same problem.

The details of flow fields associated with one-dimensional free-air explosions are well
established. Consider, for example, the similarity solutions for spherical blast waves: the point
explosion solution of Taylor (1941) and Sedov (1946), and all classes of blast waves bounded by
strong shocks (Oppenheim et ale 1972a) and by strong Chapman-Jouguet detonations
(Oppenheim et ale 1972b). Other examples are the non-self-similar solutions of the decay of a
point-source explosion: the original finite difference calculation (Von Neumann and Goldstine

’p. Colella, R. E. Ferguson, H. M. Glaz, A. L. Kuhl, Mach reflection from an HE-driven blast wave, Dynamics of
Explosions, AIAA Progress in Astronautics and Aeronautics, vol. 106, 1985, pp. 388-421.
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1955), the method of integral relations solution (Korobeinikov and Chushkin 1966), the method
of characteristics solution (Okhotsimskii et ale 1957), and the Lagrangian finite difference
calculations (Brode 1955). Also well established are non-self-similar solutions of the decay of
spherical blast waves driven by a solid, high-explosives (HE) charge (Brode 1959).

However, when one considers the reflection of such spherical blast waves from a plane
surface, a detailed description of the flow fields is not generally available. Such flows are
inherently two-dimensional. They are driven by decaying blast waves, and hence they are
intrinsically non-self-similar. They depend parametrically on the scaled height of burst (HOB) of
the explosion, the blast source, and the equation of state (EOS) of the medium (e.g., y varies for
real air). Hence, such flow fields are not amenable to general solution; each represents a par-
ticular case.

Much of our knowledge of such reflections comes from considering the flow field in the
near vicinity of the reflection point. By neglecting the rarefaction wave behind the incident shock,
one can equate the flow to that produced by a plane, square wave shock reflecting from a plane
surface. This is, of course, a good approximation when the flow behind the reflected shock is
supersonic (relative to the reflection point). Many tools then become available. For example, one
can use the shock polar technique (Courant and Friedrichs 1948) with an appropriate equation of
state to predict peak pressures in the regular reflection regime; whereas in the Mach reflection
regime, one must resort to experimental data of shock reflections from wedges (e.g., Bertrand
1972). One can use experimental shock-on-wedge results and their associated empirical theories
to predict the transition to Mach reflection and the approximate shock structure. '° Indeed, such
analysis predicts that for strong shocks, transition will proceed from regular to double-Mach
reflection. One can even view the height-of-burst problem as a continuous sequence of shock-on-
wedge configurations for which the wedge angle varies from 90 degrees at ground zero to 0
degrees at an infinite ground range. Nevertheless, such techniques have a limited utility. They
are always approximations to a truly non-self-similar problem, and they do not describe the
entire flowfield. To overcome such limitations, one must resort to height-of-burst experiments
and two-dimensional numerical simulations.

Height-of-burst experiments utilizing HE blast wave sources have been conducted (Baker
1973). Typically, flow field measurements are limited to near-surface static and total pressure
histories at a small number of ground ranges, and high-speed photography. Often there is much
scatter in the data due to non-repeatability of the HE charges; this scatter limits the scientific
usefulness of the data. Some of the most repeatable data come from tests performed with 8-1b
spheres of PBX-9404 (Carpenter 1974). Nevertheless, such measurements are not sufficient to
allow one to reconstruct the entire flow field. For that, a numerical simulation of the flow is
required.

Today, one can simulate the reflection of a spherical blast wave from a plane surface with
numerical codes that solve the inviscid two-dimensional Euler equations of gasdynamics: for
example, a simulation of the Tunguska meteorite explosion at an HOB = 305 m/KT'"’

10gee , for example, Ben-Dar and Glass (1978, 1979), Ando and Glass (1981), Shirouzu and Glass (1982),
Lee and Glass (1984), Deschambault and Glass (1983), Bazhenova et al. (1984), Hu and Glass (1986),
Hornung (1985), and Hornung and Taylor (1982).
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(Shurshalov 1978) and the calculation of a point-source case detonated at an HOB = 31.7
m/KT"? (Fry et al., 1981). How accurate are such calculations? One of the difficulties in
numerical simulation of such flows is the disparity of length scales in the problem; for example,
the height-of-burst scale versus the Mach stem height (typically less than 1/10 the height-of-burst
scale) versus the boundary layer scale (which is much smaller than the Mach stem height). One
must take special care to design the computational mesh to take such disparate length scales into
account. With the memory size and speed of class VI computers such as the CRAY I, such large-
scale computations are now possible (although expensive). Of course, one needs a minimal-
diffusion numerical algorithm to maximize the information per grid point. A noteworthy
example is the second-order Eulerian Godunov scheme of Colella and Glaz (1984, 1985). This
code has been used to simulate shock-on-wedge experiments in the regular reflection regime and
in the simple, complex, and double-Mach reflection regimes. Excellent agreement with data was
obtained for those cases for which viscous and non-equilibrium effects were negligible in the
experiments (Glaz et al. 1985a, 1985b, 1986). In some of the double-Mach reflection cases for
which such effects were not small, qualitative agreement was still found for flowfield features
such as contact surface/second Mach stem interaction and subsequent vortex rollup. Nevertheless,
the question remains: How accurately can one numerically simulate the truly non-steady height-
of-burst case?

The objective of this work was then to perform a highly resolved numerical simulation of
the two-dimensional reflection of an HE-driven blast wave with the abovementioned Godunov
scheme and to check the accuracy of the solution by comparing it with precision experimental
data. An 8-1b PBX-9404 charge experiment detonated at HOB = 51.66 cm (Carpenter 1974) was
selected for that purpose. A zoning convergence study (with a fine grid mesh spacing of 1.2, 0.6,
and, finally, 0.3 mm) was performed to demonstrate that the results were independent of cell size.

The computational technique including the second-order Godunov scheme, the equations
of state, the initial conditions, and the grid dynamics are described in §2. The numerical results,
such as the incident one-dimensional blast wave, the regular reflection regime, transition, the
double-Mach reflection regime, comparisons of surface data, and comparisons with an
equivalent shock-on-wedge case, are presented in §3. Conclusions and recommended
improvements are offered in §4.

2. Computational Method

The equations of compressible hydrodynamics in one space variable, written in
conservation form, are

iU+iAF+iH =0 (1a)
ot VvV or

where
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b ou ) o
pu pu’ p

U=:ipv ¢, FU)=ipuv ;, HU)=10¢ (1b)
PE; puk; 0
e pux | 0

Here, p is the density; E, =e+(u” +v*)/2 is the total energy per unit mass, where e is the

internal energy per unit mass, u is the component of velocity in the r-direction, and v is the
transverse component of velocity; p is the pressure; ) represents an arbitrary advected scalar

quantity; and V =V(r)=r“"/(a+1) is a volume coordinate, A= A(r)=dV /dr=r® . The values
a=0,1,2 correspond to Cartesian, cylindrical, and spherical symmetry, respectively. This

particular representation of the equations follows Colella and Woodward (1984) and corresponds
closely to the finite-difference equations that follow.

The pressure is given by an equation of state:
p=p(p.e) ()

for single-fluid hydrodynamics. For the calculations presented here, it is necessary to use a two-
fluid model, where the two fluids are the detonation product gases and air. Each of these
materials has associated with it an equation of state of the form of Eq. (2). We let ) denote the

volume fraction of high explosives (HE), so that in a mixed cell, 0= y <1. Then our two-fluid
treatment is defined by the last equation in Eq. (1) and by setting

p=XpHE+(1_X)pair (3)

wherever a pressure is needed by the numerical method. This relatively crude treatment (in
particular, our reliance on the mixture density and internal energy precludes referring to the
model as a true two-fluid model) turns out to be sufficient for the present problem. This is largely
due to the fact that the dynamics of the material interface are not of major interest and they do
not directly interact with the Mach stem region flow field, which is the focal point of this study.
Our treatment here will be superseded by a true multi-material algorithm based on the simple
line interface calculation (SLIC) algorithm of Noh and Woodward (1976) and the Eulerian
second-order Godunov scheme for single-fluid hydrodynamics (Colella et al., 1986).

The numerical method used in this study is the version of the second-order Eulerian
Godunov scheme described in Colella and Glaz (1985). This version was especially designed to
handle general equations of state of the type encountered here. The modifications necessary for
non-Cartesian symmetries (i.e., @ =10r2) are described in Colella and Woodward (1984).
Operator splitting is used to solve multi-dimensional problems; in the axisymmetric calculation
of §3, this means that Eq. (1) with & =1 are solved in the radial direction with u set to the radial
component of velocity; and then Eq. (1) with o =0 are solved in the axial direction with u set to
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the axial component of velocity. A brief overview of the method for solving Eq. (1) is presented
below.

Let U" ={U"} represent the cell-averaged solution at time level ¢ =¢", i.e.,
j % g

vs=(av))" [ uenmyav @)

Vil

n+l

The computational objective is to define U™ in terms of U" . The conservative, second-order-
in-time, finite-difference representation of Eq. (1) is:

A‘/jn+lU;L+l - AVj"U;l _Al‘" An+l/2Ff1+l/2 _ A4+1/2Fn+1/2 + (Hn+l/2 _ H'7+”2) 2 (5)

12 1 jr12 121 j-12 j+2 j-12 n ntl
Arj +Arj

where

+ A\l ! n n+ n
AV, =V, =V ins Vip=V(r,,) and Aj+ll//22 = (At ) fo A[”ju/z + ﬂ(’}+1;2 ~ e )]dﬂ

Here, typically F/1) = F(U"”), and U"> represents the average of U along the (j, j+1)

Jj+1/2 Jj+1/2 J
interface, i.e.,

n+l

-1
n+1/2 n n n+1/2 n n+1/2 n+1/2 n
Uian = (At ) ft,, U[rj+1/2 + 85 (1=17), t]dt where s, = (rj+1/2 - rj+1/2) /At

n+l/2

Evidently, a computational scheme in the form Eq. (5) is defined by specifying U7}, as a

function of U" .

The first order Godunov scheme is defined by setting U_;':l]//zz to the solution of the

n+l/2

Riemann problem (U7,U7, ) evaluated along the line r/t=s7),. The high-order scheme is

n

conceptually similar in that the Riemann problem (U},,,,,U’, ) is constructed and solved in

the same way. However, the left and right states are now functions of (U},,..U;,,),

respectively. These additional data are used to create monotonized piecewise-linear profiles in
each computational zone, from which a version of the method of characteristics is based to get
new values centered on the interface. The overall construction, including the solution of the
Riemann problem, is equivalent to the method of characteristics (up to second order) for smooth
flow in determining the interface fluxes. Further details, such as monotonicity constraints and
additional constructions necessary near strong discontinuities, may be found in the references
mentioned.

An important aspect of our numerical method is that we do not require equation-of-state
evaluations at each step in the Riemann problem iterative solution; it is only necessary for the
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approximate method that the equation of state be evaluated for each U;. The information

required by the algorithm are the dimensionless quantities y =y(p, e) and I'=T'(p, e) such that

p=(y-Dpe (6)
and
¢’ = I'p/p (7)

where c is the speed of sound. Note that y =I" for a non-polytropic equation of state.

The equations of state used in the calculations of §3 are the equilibrium air EOS of
Gilmore (1955) and Hansen (1959), and the Jones-Wilkins-Lee (JWL) EOS for PBX-9404
detonation product gases (Dobratz 1974). The caloric JWL equation of state takes the form

p=A(l-wp, ! Rp)e ™" +B(1-wp, ! R,p)e """ +wpe (8)
whereas the isentrope is given by
p=Ae " Be P L C(p, | p) )]

where p, is the initial charge density and the JWL parameters for PBX-9404 are A = 8.545
Mbar; B = 0.2049 Mbar; C = 0.00754 Mbar; R;= 4.60; R, = 1.35; w =0.25. The behavior of y
for the JWL EOS may be found by fitting Eq. (6) to Eq. (8), and I'(p, ) can be calculated from

the isentrope using Eq. (9); in this case. ¢ is obtained in closed form (Glaz, 1979) and Eq. (7)
may be used to calculate I".

The calculation was run in two stages: first as a one-dimensional free air burst until
ground strike, and then as a two-dimensional reflection problem. The one-dimensional
calculation was initialized when the detonation wave reached the charge radius R . The flow

field inside the charge at that time was assumed to be that of an ideal Chapman-Jouguet (CJ)
detonation (Taylor 1950; Kuhl and Seizew 1978) with no afterburning. Using the JWL
parameters for a PBX-9404 charge with an initial density of p, = 1.84 g/em’, the CJ state is:

Pey =370 kbars; p., =2.485g/cm’; e., =8.142x10"erg/ g; W, =88 km/s; u., =228km/s
Ge; =5.543%x10"erg/g; T'=2.85; x=1.

For an 8-1b sphere the charge radius was R, = 7.76 cm. The ambient atmosphere was
initialized as p, = 1.00 bar; p, = 1.1687x10-3 g/cm’; e, = 2.1390 x 10 erg/g; u = 0; ¥ =0. A

fine-zoned grid (Ar = 0.3 mm) was dynamically moved with the shock to accurately capture the
complex flow in that region. Coarse zones (Ar = 3 mm) were used near » = 0 and for large r; and
a transition region connected these cells with the fine grid. After initialization, the evolution of
the one-dimensional blast wave was calculated by solving Egs. (1) with a@ = 2 until the shock
radius was equal to the height of burst (51.66 cm; ¢t = 97.44 us). This solution was then

conservatively interpolated onto a two-dimensional mesh.
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The two-dimensional mesh covered a region O <r=<100cm and 0=z=<20cm (617 r

cells by 214 z cells). Note that the top of the grid was below the height of burst to pack as many
cells near the wall as possible. During the computation, the reflected shock never reached the
upper boundary; consequently, it could be treated with a time-dependent Dirichlet boundary
condition. The Dirichlet data were provided by continuing to update the one-dimensional
solution for each step of the two-dimensional calculation and feeding this solution into the top
boundary. The bottom boundary was treated as an ideal (slip flow) reflecting plane. The left and
right boundaries were treated as a symmetry line and an outflow boundary, respectively. A
uniform fine-grid region (267 r cells by 140 z cells) with Ar =Az=0.3 mm was dynamically

moved to follow the rightmost shock (the incident wave at early times and the Mach stem at late
times). Again, transition and coarse cells (Ar = Az =3 mm ) were used around the fine-grid region.

The two-dimensional calculation was continued until the Mach reflection point reached 80 cm
(270 us). This required 3200 computational steps and about 9 hours CP time on the CRAY 1.

3. Results
3.1 Incident HE-Driven Blast Wave

In 1959, Brode performed a pioneering calculation of a spherically symmetric blast wave
driven by the detonation of a spherical TNT charge (initial charge density of 1.5 g/em’,
detonation pressure of 157 kbar). The one-dimensional Lagrangian finite-difference scheme used
the artificial viscosity technique (Von Neumann and Richtmeyer, 1950) to capture shock fronts,
and variable gamma equations of state to describe the air and detonation products gases. He
found that an extremely strong rarefaction wave was created when the detonation wave reached
the radius of the charge. This rarefaction accelerated the detonation products to a velocity of
about 5.5 km/s. The interface or contact surface, CS, between the air and the detonation products
acted like a spherical piston—thus creating an air shock (maximum peak pressure of about 400
bars). The resulting blast wave behaved like a decaying piston-driven blast wave (Sedov 1959)
for shock pressures greater than about 7 bars, and approached the point-source similarity solution
thereafter. The aforementioned rarefaction wave caused the detonation products to over-expand
to a velocity larger than that induced by the air shock. This incompatibility was resolved by an
inward-facing shock, which eventually imploded and created a series of secondary pulses at late
times.

Our calculation was performed for a spherical PBX-9404 charge (initial charge density of
1.84 g/cm’ and detonation pressure of 370 kbar). The resulting blast wave was qualitatively
similar to Brode's results; hence, the results will not be reported here in detail. Quantitative
differences were as follows. Peak velocities reached about 17 km/s, whereas the maximum peak
air-shock pressure reached about 1 kbar, owing to the larger detonation pressure of the PBX
charge. The blast wave approached the point-source solution at a shock overpressure of about 13
bars versus 7 bars for TNT. The air shock arrived at ground zero (i.e., at a shock radius
corresponding to the HOB = 51.66 cm, or 6.78 charge radii) with an incident over-pressure of
98.86 bars; hence, the flow field corresponded to a piston-driven wave throughout the entire
regime of the two-dimensional calculation. This led to shock interactions that are unique to the
HE case.

29



Problem 2. Blast Wave Reflections from Ideal Surfaces

3.2 Overall View of the Two-Dimensional Reflection

An overall view of the two-dimensional reflection of the spherical HE-driven blast wave
from an ideal plane surface is depicted in Fig. 1 in terms of isochoric, iso-energy, and isobaric
contours at different times. Thirty equally spaced contour values were used, with the minimum
and maximum value and step size identified on the plot. This technique gives a concise display
of the major features of the two-dimensional flow field: discontinuities appear as heavy dark
lines (where many contours group together), rarefaction waves appear as a fan of contour lines,
while plateau regions are contour-free. Contact surfaces may be identified as discontinuities in
density and internal energy, without any jump in pressure or velocity; slip lines may be
distinguished as contact surfaces with a discontinuous change in velocity; shocks are denoted by
discontinuities with sharp jumps in pressure.

In Fig. I, the incident shock (I), the contact surface (CS) separating the detonation
products and air, and the inward-facing shock (I') of the incident blast wave are clearly visible.
Reflection of the incident shock I from the plane surface creates the main reflected shock R,
which effectively stops the contact surface CS. At small ground ranges, the reflected shock
propagates upward very slowly because of the large, downward-directed dynamic pressure of the
detonation products gases of the incident wave. This is markedly different from the case of the
reflection of a point explosion blast wave in which the reflected shock propagates very rapidly
through the low-density, high-sound-speed region near the blast center (Fry et al. 1981).

Interactions of the reflected shock R with the contact surface CS and the shock I' create
additional shocks near the ground and generate vortex structures on CS and SL', as shown in Figs.
la and Ib. The reflected shock also deflects the contact surface away from the Mach stem region
so that in this calculation, the detonation products are not entrained in the Mach stem flow.

3.3 The Regular Reflection Region

A detailed view of the flow field near the end of the regular reflection region (¢ = 171 us,

reflection point at 50 cm) is shown in Figs. 2a and 2b. The weaker discontinuities are somewhat
difficult to pick out when they are located in the coarse-zoned region; hence they have been
depicted schematically in Fig. 2c.

The reflected shock R interacts with the incident-wave contact surface CS at point A,
creating a reflected shock RC1 and deflecting CS. Shock RC1 reflects off the wall at point B as a
regular reflection, thus creating a second peak pressure on the wall. The reflected portion of RC1
reflects off contact surface CS at point C, creating reflected shock RC2, and further deflects
contact surface CS. Shock RC2 reflects off the wall at point D as a regular reflection, thus
creating a third peak pressure on the wall. The reflected portion of shock RC2 reflects off contact
surface CS at point E, creating a third reflected shock RC3.

The transmitted portion of shock R emanating from point A interacts with the incident
shock I' (oblique shock interaction) at point F, creating a slip line SL'. The transmitted portion of
shock I' emanating from point F interacts obliquely with the transmitted portion of shock RC1
emanating from C at point G; transmitted shocks from this reflection interact with the contact
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surface CS at point H, and with slip line SL' at J. At earlier times, a transmitted shock from point
J interacted with the main reflected shock at point L. Density/internal energy gradients in the
incident wave cause kinks in the main reflected wave at points K and K'.

In summary, the following features were found in the regular reflection region. The main
reflected wave R reflects within the channel formed by the wall and the dense detonation
products (CS), causing additional pressure pulses on the wall. Shock interactions with contact
surfaces at points A and F inviscidly generate positive and negative vorticity, respectively, which
rolls up into vortex structures shown in Figs. la and Ib. Finally, the main contact surface CS is
idealized in this calculation as a discontinuity. We know experimentally, however, that this
surface is irregular and diffused—perturbations on this surface grow owing to a Rayleigh-Taylor
mechanism and these lead to local turbulent mixing during the evolution of the incident blast
wave (Anisimov et al. 1983). The strength of reflected shocks RC1 and RC2 will depend on the
mixing across the contact surface CS. These inviscid calculations, which do not take into account
such turbulent mixing, no doubt overestimate the strength of shocks RC1 and RC2.

Table 1 Comparison of regular to double-Mach transitions

Source Wedge angle Incident shock angle Transition

6 (degrees) a (degrees) ground range (cm)
Limit of regular reflection:
Kuhl (1982) 47 43 48.2
Gilmore EOS for air
Glass (1982) 46 44 49.9

Hansen EOS for air

HOB calculation:
PRR 45.5 44.5 52.5
DMR 43.2 46.8 55

3.4 The Transition Regime

A detailed view of the shock structure in the transition region is given in Fig. 3. In this
calculation, transition from regular reflection (RR) to double-Mach reflection (DMR) occurred at
a ground range of greater than 52.5 cm and less than 55 cm, with corresponding incident shock
angles of 44.5 and 46.8 degrees, respectively. Comparison with the limit of existence regular
reflection (i.e., the so-called deflection criterion) for real air in Table 1 indicates that the
calculated regular reflection region persisted in this height-of-burst calculation for 1.5 to 3.8
degrees beyond the theoretical limit. Note that a similar persistence of regular reflection (PRR)
has been observed for shock reflections from wedges, both experimentally (Bleackney and Taub
1949; Henderson and Lozzi 1975) and numerically, with the same hydro code used here (Glaz et
al. 1985a, 1985b, 1986).

One can identify three potential reasons for persistence of regular reflection: 1) real
viscosity, 2) numerical viscosity, and 3) inadequate zoning. Real viscosity must be rejected for
this case because it was not included in the calculation. The second-order Godunov scheme used
here leaves essentially no numerical viscosity in the smooth regions of the flow. However, all
shock-capturing schemes introduce numerical dissipation at shock fronts to allow a smooth
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transition between pre-shock and post-shock states. When such algorithms are used to calculate
shock waves near a wall, a "numerical wall boundary layer" is formed (Noh 1976). The primary
effect of this is to create an artificial "wall heating"—typically a few percent. This effect can be
seen in the density and radial velocity contours of Fig. 2, which exhibit a kink at about the 3-mm
height (about ten cells).

A concerted effort was made to minimize computational cell-size effects. The 617 by 214
grid used essentially all of the one mega-word fast core space available on a CRAY 1 computer.
The fine-zoned grid (267 by 140 cells) that slid with the reflection region used cells of 0.3 by 0.3
mm. This resulted in 83 radial cells between the reflection point at 52.5 cm and the 55-cm point,
and one would think that would constitute adequate zoning. However, the Mach stem grows
from a point (in the inviscid theory) and is never captured computationally until the shock
structure grows large enough to be resolved on the mesh. Note that at the 55-cm location, the
Mach stem was only four cells high. If a Mach stem existed at the 52.5-cm ground range, it
would be less than one cell high; hence, it would not have been resolved. A more detailed
inviscid calculation of transition using a local adaptive grid refinement (e.g., Berger and Colella
1986) is required to conclusively resolve this zoning question. We speculate that such inviscid
calculations will indeed confirm that double-Mach reflection will exist immediately after passing
the RR limit. Therefore, we believe that the persistence of regular reflection in these calculations
is caused by inadequate zoning and the numerical wall boundary layer, while the persistence
behavior observed in experiments is due to a viscous wall boundary effect. To conclusively
prove the latter, a viscous calculation of the oblique shock structure at the wall is required.

Peculiar gasdynamic effects were observed in this calculation in the PRR region. It is
well known that as the incident shock angle increases in the regular reflection region, one
encounters the sonic criterion (where sound waves can reach all the way to the reflection point)
about 1 degree before one reaches the RR limit (Henderson and Lozzi 1975). In such a case, the
reflected shock is no longer straight but continuously curved near the reflection point. The
present calculations also exhibit such effects. Figure 3 shows that the reflected shock is straight
at a ground range of 45 cm (RR) but curved near the reflection point at 52.5 cm. As shown in
Table 2, the angle of the main portion of the reflected shock increases smoothly through
transition; however, at the wall it jumps from about 24 degrees at the 50-cm range to about 37
degrees at the 52.5-cm range.

The pressure and velocity profiles on the wall also changed dramatically in the PRR
region. When the reflection point was at 45 cm, the pressure and velocity gradients were well
behaved. However, in the PRR region (e.g., with the reflection point at 52.5 cm), the pressure
and velocity gradients on the wall become very large as one approaches the reflection point from
the left.

In summary, the limit of regular reflection for this case is 43 to 44 degrees (depending on
the particular equation of state used for air) with a corresponding ground range to transition of
48.2 to 49.9 cm. In this calculation, regular reflection seemed to persist to a ground range of
about 52.5 cm (a = 44.5 degrees), but the reflected shock angle near the surface at this range
was consistent with that of double-Mach reflection ( f~37 degrees). Hence, we believe that it

was indeed a nascent double-Mach structure that was not computationally resolved on the mesh.
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As we shall see in the next section, both local adaptive mesh refinement and turbulence modeling
are required to properly model certain details of the flow in the double Mach region and, by

implication, to accurately predict transition.

Table 2 Shock angles near transition

Reflected shock angle
Ground range | Incident shock Off wall Near wall Regime
(cm) angle a (deg) B (deg) B, (deg)
45 42.5 19 19 RR
50 44 24 24 PRR
52.5 46.5 26 ~37 PRR
55 48 28.5 ~37 DMR
57.5 49 33 ~37 DMR
60 51 34 ~37 DMR

3.5 The Double-Mach Region

A detailed view of the complex flow field in the double-Mach region is presented in Fig.
4 (t = 270 us, Mach stem at 80 cm). The domain of these figures represents the fine-zoned

region of the calculation (267 r cells by 140 z cells with a cell size of 0.3 mm). The incident
shock (I), the reflected shock (R'), and the main Mach stem (MI) meet at the main triple point
(TP1), generating a slip line (SL1) that has positive vorticity. Air flows along SL1 and impacts
on the wall, thus creating a large local pressure. This point actually corresponds to a moving
stagnation point (SP1), which is particularly evident in the relative vector velocity plot of Fig. 4¢
(the coordinate system is moving with the velocity of SP1 at 2.308 km/s). The flow over-expands
from SP1 (about 145 bars) by means of a strong rarefaction wave (RW) and forms a low-
pressure (~10-bar minimum) supersonic wall jet (see the Mach number contours, relative to SP1,
of Fig. 4c).

The gas velocity in the wall jet (3.5 to 4.3 km/s) is larger than the wave velocity of the
Mach stem (~2.75 km/s), so the jet rams into the rear of the Mach stem. This interaction pushes
out the foot of the Mach stem and forces the jet to expand upward two dimensionally, thus
forming a rotational flow and a main vortex VI, which has positive rotation. The rotational flow
near VI is locally supersonic, and embedded shocks (S', S". and S™) can be seen.

The toeing-out of the Mach stem creates a second triple point, TP2. This is actually an
inverted Mach stem structure with an incident shock M1', a reflected shock S", a Mach stem M1,
and a slip line SL2 that has negative vorticity. This slip line flows up and over the main vortex
V1, approaches the wall and stagnates, thus creating a second moving stagnation point (SP2),
which is also evident in the relative velocity vector plot of Fig. 4c. At a range of 80 cm, SP2 has
shocked-up on the wall. All of slip line SL2 and some of SL1 are entrained in a second vortex
structure V2, which has negative rotation (see Fig. 4c). All of the fluid entering the main Mach
stem M1 between triple points TP1 and TP2 is entrained in vortex V2 (see the vorticity contour
plot of Fig. 4c).
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The gas velocity is supersonic above slip line SL1 and subsonic below it. Pressure waves
from SP1 coalesce, forming the second Mach stem M2. The latter interacts with the reflected
shock forming a third triple point (TP3). This also appears to be an inverted Mach structure with
an incident wave R', a reflected wave M2, a Mach stem R, and a slip line (SL3). A fourth triple
point (TP4) can be seen on shock M2. It appears to be a remnant of the interaction of the
embedded shock S" with SL1. It has an incident shock M2, a reflected shock R", a Mach stem
M2', and a slip line SL4. Shock R" terminates on slip line SL3, while shock M2' terminates on
slip line SL1.

Secondary vortex structures are evident on slip line SL1 (caused by shock M2 and local
rarefaction waves) and slip line SL2 (induced by shock S"'), and near vortex V1 (the entrained
part of SL1 that was shocked by S").

The rarefaction wave behind the incident shock propagates through the DMR structure
(see, for example, the density, internal energy, and pressure contour plots of Fig. 4a) just as in
the regular reflection case; but this appears to be a weak effect, since the main discontinuities (R',
SL1 and M2) are basically straight lines.

Even at the 80-cm range, the wall jet was quite thin (1.8 mm) and not well resolved (about six
cells high); although very fine zoning was used here, it was still too coarse for adequate
numerical resolution. The slip line SL1 on top of the jet is a free shear layer subject to Kelvin-
Helmholtz instabilities. Here the Reynolds number of the jet was about 3x10* based on jet height.
It will no doubt develop vortex structures, leading to turbulent mixing. Also, the wall boundary
layer will reduce the radial momentum of the jet. Hence, turbulence effects will influence the
entrainment of the main vortex V1 and the toeing-out of M1' (i.e., there will be less pushing).
These effects were not modeled in this calculation and may, in fact, influence transition.

3.6 Surface Data

Figure 5 gives a detailed snapshot of the complete flowfield on the surface at the end of
regular reflection (t = 171 us, reflection point at 50 cm) and in the fully resolved double-Mach

region (¢ = 270 us, Mach stem toe at 80 cm). Such plots augment the interpretation of the

contour plots in Figs. 2 and 4. The reflected shocks R, RC1, and RC2 (as well as additional wave
structures near the origin) can be seen. Both RC1 and RC2 reside in the coarse-zoned region at
these times; hence they appear somewhat diffused. In the double-Mach region, the main features
of the flow are sharp and well resolved. Moving stagnation points SP1 and SP2, the shocks M1'
and S', and the slip surface SL1 are clearly visible. The gas over-expands from stagnation point
SP1, reaching a maximum velocity of about 4.2 km/s (Mach number of about 5.4) before it is
shocked by S', thereby becoming compatible with conditions behind M1'.

In effect, the double-Mach structure focuses the blast energy toward the surface, thereby
greatly extending the high enthalpy flow region. For example, dynamic pressures of 600 bars,
pitot pressures of 1200 to 1400 bars, and total enthalpy of nearly 10'' erg/g seen in the regular
reflection region at 50 cm are extended to a ground range of 80 cm as a result of the double-
Mach flow field.
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The calculated surface-level peak overpressures of the various shocks are plotted as a
function of ground range in Fig. 6. The incident overpressure at ground zero of 98.6 bars reflects
to a peak value of 880 bars. The corresponding theoretical reflection factor for real air is 9.43,
which results in a theoretical reflected pressure of 932 bars (versus 880 bars for the two-
dimensional calculation, or 6 percent low due to the zoning). The reflected pressure curve R
agrees very well with the experimental data of Carpenter (1974), thus indirectly confirming that
the calculated incident blast wave closely simulated the experimental blast wave. Near ground
zero, the shocks RC1 and RC2 are much stronger than the reflected shock R, but they decay
more rapidly. As mentioned before, calculated values for RC1 and RC2 are expected to be too
large because of the sharp contact surface in the calculation.

Note in particular that the pressure range curve for shock R suffers a jolt at 49.5 cm (i.e.,
near the RR limit) and locally increases at 53 cm—this behavior perhaps being a consequence of
the arrival of the sonic point singularity and the formation of a nascent Mach stem.

In the double-Mach region, the main stagnation point SP1 decays from 290 bars at
transition to a value of almost 100 bars at 80 cm. Stagnation point SP2 and shock M1' decay
rather slowly from 100 bars to 75 bars. In general the calculated peaks in the double-Mach
region are in excellent agreement with the experimental data (Carpenter, 1974), even at 53 cm,
where the grid points were inadequate to resolve the double-Mach stem.

3.7 Comparisons with DMR on Wedges

Considerably more is known about the details of double-Mach shock structures created
by plane shock reflections from wedges. Such flows have many useful features:

1. The flows are self-similar (two-dimensional Cartesian), and hence are more amenable to
analysis.

2. Experimental photographic results (e.g., Schlieren, shadowgraph, and interferometric
data) are available to verify code calculations.

3. The complicating effects of a rarefaction wave behind the incident shock are absent.

In addition, wedge results (e.g., reflection factors) are often used to approximate the
height-of-burst case. Hence, it is useful to explore the equivalence of the DMR flow field for the
wedge case corresponding to the height-of-burst case.

The double-Mach structure at a time of 270 us (Mach stem at 80 cm) from the present
calculation was selected for comparison. At this time the incident shock Mach number (MI) was
5.46 with an incident shock angle of about 57 degrees. The equivalent wedge case was
constructed as follows. A 500 x100 two-dimensional Cartesian mesh was chosen with square
zones (Ax = Ay =1 unit ). The shock properties corresponding to a M, =5.46 real air shock were
continuously fed into the left side of the grid at a shock angle of 57 degrees (wedge angle of 33
degrees). The second-order Godunov scheme (with Gilmore's equation of state for real air) was
then used to calculate the reflected flow field.
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The results of the wedge case are shown in Fig. 7. By design, the calculations are
identical at the main triple point TP1. The overall features of the wedge flow field are quite
similar to the height-of-burst case (Fig. 4), considering that the wedge case was about 2.4 times
more coarsely zoned. Peak pressures on the wall (SP1) were 133 bars (instantaneous value at
75.2 cm) for the height-of-burst case and 122 bars for the wedge, yielding "reflection factors" of
3.8 and 3.5, respectively.

The principal differences are the reflected shock angle and the location of triple point
TP3. The reflected shock angle of 49 degrees for the height-of-burst case is considerably steeper
than the 22-deg angle for the wedge case. In the height-of-burst case, the rarefaction wave
behind the incident shock allows the reflected shock R to move upward more easily into the
incident wave. This causes the second Mach stem (M2) to be more vertical and the length of the
reflected shock R' to be about half the value found for the wedge case. (To elucidate these points,
shocks M2 and R for the height-of-burst case are depicted as dashed lines on the wedge results.)
Consequently, the distance between points SP1 and M1' (i.e., the DMR duration) is somewhat
shorter in the height-of-burst case.

In summary, we may conclude that the height-of-burst case is truly non-steady, and hence
not amenable to similarity analysis. The rarefaction wave behind the incident shock modifies the
reflected shock angle at TP3 and thereby influences the location and shape of the second Mach
stem M2, compared to the equivalent wedge case. Because peak reflected pressures and
"reflection factors" are a consequence of the gasdynamic state at the main triple point, they are
similar for the two cases. However, the height-of-burst "reflection factor" (R = Apy,, / Ap, ) must

be based on instantaneous values (with SP1, TP1, and MI' all being at different radii from the
explosion center).

4. Conclusions

The present calculation demonstrates that the reflection of a spherical HE-driven blast
wave from a plane surface creates complex flow structures on multiple length scales. In the
regular reflection region, portions of shock R reflect within the channel formed by the wall and
the dense detonation products, thus producing additional pressure pulses on the wall. The
interaction of shock R with contact surface CS and slip line SL' inviscidly generates vorticity,
which leads to the formation of large-scale vortex structures (i.e., turbulent mixing) on the
interface between the detonation products and the air. In the double-Mach flow structure, slip
lines emanating from triple points TP1 and TP2 are directed downward. The flow is forced to
turn parallel at the wall, thereby converting some of the flow kinetic energy into pressure and
creating stagnation points SPI and SP2 that move with the DMR structure. This also creates a
supersonic wall jet consisting of a free shear layer and a wall boundary layer.

The Reynolds number of the jet is quite large, ranging from 3x10* for this case to 10’ for
large-scale explosions. Hence, one would expect strong turbulent mixing at the free shear layer;
however, the wall jet in these calculations was laminar. The second-order Godunov algorithm
used here is non-diffusive enough to be able to calculate the evolution of discrete vortex
structures started from inviscid Kelvin-Helmholtz instabilities (Glowacki et al., 1986) if adequate
zoning is used in the jet (about five times finer than that used here). The wall boundary layer was
not modeled. Both effects will influence the horizontal momentum of the jet, the toeing-out of
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the Mach stem, and the rotational flow of the main vortices VI and V2. Adaptive gridding and a
viscous wall boundary layer capability are needed to accurately model these details.

A double-Mach shock structure appeared in this calculation at a ground range between
52.5 and 55 cm, which was 1.5 to 3.8 degrees beyond the limit of regular reflection. We believe
that the so-called persistence of regular reflection in this calculation was caused by inadequate
computational zoning, whereas the persistence in experiments is due to viscous wall boundary
layer effects. Adaptive gridding and a viscous wall boundary layer capability are again needed to
accurately calculate such flows.

The double-Mach shock structure directs some of the blast energy toward the surface, and
thereby extends the high enthalpy flow to larger ground ranges. The calculated surface-level
peak pressures are in excellent agreement with experimental data at all ground ranges.

A shock-on-wedge calculation was also performed to simulate the double-Mach flow
field from the height-of-burst case at t = 270 us (Mach stem at 80 cm). Overall features of the
flow were quite similar in both cases. The principal differences were the reflected shock angle,
which was larger in the height-of-burst case, and the location of triple point TP3, which was
closer to TPI in the height-of-burst case. These effects were attributed to the incident wave
rarefaction effects and true non-steadiness of the height-of-burst case.
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Figure lc. Transition from regular to double-Mach reflection for a spherical, HE-driven blast
wave reflecting from an ideal plane surface. Pressure contours (bar).
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Figure 2c. Interaction of the reflected wave R with the contact surface CS and shock I’ in the
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Table 3-1. Test matrix, atmospheric conditions, and scaling factors
for 8-1b PBX-9404 spheres.

Test Test HOB P, To Sp Sq St S SHOB  SHOB
No. date (f) (in.Hp) (O () (fyKT1R)
24 190ct.1973 ] 7250 2962 3340 | 1.0102 09966 1.0280 1.0384 | 7226 338
6 20 Aug. 19731 6750  29.53 2430 | 1.0132 09956 _ 10116 1.0250 | 6720 315
4 14 Aug. 1973| 6350 29.39 2920 | 1.0181 09940 1.0183 1.0367 | 6312 295
5 16 Aug.1973] 6350 2948 2778 | 1.0150 09951 1.0169  1.0321 | 6319 296
1 18Jul. 1973 | 5933 29.56 2750 | 1.0122 09960 1.0173 1.0298 | 5909 277
2 19JuL 1973 | 5933 29.44 1667 | 1.0163 09946 09975 1.0138 | 5901 277
3 25Jul.1973 | 5933 2941 2950 | 1.0174 09943 1.0190 10367 | 5899 276
7 22Aug. 1973]| 5080 29.60 28.60 | 1.0108 09964 1.0197 10307 | 5062 237
8 23 Aug.1973| 5080 29.60 28.60 | 1.0108 09964 1.0197  1.0307 | 5062 237
9 25Aug.1973]| 3813 2952 2500 | 1.0136 09955 1.0126 1.0264 | 3.796 178
25 250ct.1973 | 3813 2959 2700 | 1.0112 09963 1.0168  1.0282 | 3.799 178
10 14 Sep. 1973 | 2967 29.62 2000 [ 1.0102 09966 1.0052 1.0155 | 2.957 140
11 178Sep.1973| 2967 29.65 2040 | 1.0091 09970 1.0063  1.0155 | 2.958 140
12 19 Sep. 1973 | 2700 29.66 2620 | 1.0088 09971 1.0163  1.0252 | 2692 131
13 20Sep.1973| 2700 29.64 24.80 | 1.0095 09969 1.0137 1.0233 | 2692 131
14 21Sep.1973| 2700 2958 2270 | 1.0115 09962  1.0094  1.0211 | 2.690 131
15 24 Sep. 1973 | 2.543 29.50 22.80 | 1.0143 09953 1.0087 1.0231 | 2.531 123
16  25Sep.1973| 2.543  29.46 26.00 | 1.0156 09948  1.0137 _ 1.0295 | 2.530 123
17 10ct 1973 | 2.118 29.60 2440 | 1.0108 09964 1.0125 1.0235 | 2.110 107
18 30ct 1973 | 2118 2955 2680 | 1.0126 09958 1.0160 1.0288 | 2.109 107
19 50ct.1973 | 2.118 2953 2060 | 1.0132 09956 1.0053  1.0186 | 2.109 107
20 80OctL 1973 | 1.695 29.50 17.80 | 1.0143 0.9953 1.0001 1.0144 | 1687  92.6
21 90ct1973 | 1.695 2952 23.00 | 1.0136 09955 1.0092 1.0230 | 1687 926
22 110c1973| 1272 2950 2460 | 1.0143 09953 1.0117 10262 | 1266  74.6
26 300ct.1973 | 1272 2970 3200 | 1.0074 09975 1.0266 1.0342 | 1269  74.8
23 120ct 1973 | 0.848 2952 27.00 | 1.0136 0.9955 1.0160 1.0298 | 0.844 )
27 5Nov.1973 | 0848 29.75 2880 | 1.0057 09981 1.0217 1.0276 | 0846 572
28 6Nov.1973 | 0.848 29.79 2240 | 1.0044 09985 10113 10157 | 0847 572
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Abstract

Numerical simulations of the turbulent dusty flow induced by an explosion over a ground
surface were performed with a second-order Godunov code. Adaptive Mesh Refinement
(AMR) was used to capture the convective mixing processes on the computational grid. The
most prominent feature of the flow was a turbulent wall jet that was induced by the precursor
shock refraction into a thermal layer on the surface. Dust lofting occurred because the
rotational structures of the boundary layer entrained dust from the ground surface. Scaling
methods were defined to evaluate the mean and root-mean-squared profiles of the wall jet.
The profiles were shown to be similar to the profiles calculated for self-similar wall jets
propagating over dust layers, and agreed with experimental profiles of a dusty boundary
layer behind a shock. The Convective Mixing Model described here can be applied to a wide
spectrum of fluid-dynamic mixing problems.

1. Introduction

The problem considered here is the turbulent dusty boundary layer induced by a point
explosion over a ground surface. As will be demonstrated, the fluid-dynamic aspects of this
problem are quite spectacular and are certainly worth detailed scientific study. On a more
practical note, knowledge of such boundary layers is important to explosion safety analysis
(e.g., to calculate drag loads on structures). Although much is known about the blast wave
environments from two-dimensional gasdynamic code calculations by Colella et al. (1986)
and experiments of Reichenbach et al. (1992), very little is known quantitatively about
the turbulent boundary layer flow embedded in explosions — both because experimental
measurements are extremely difficult and because current turbulence models are inadequate
for such two-phase flows. In this paper we attempt to quantify our knowledge of the dusty
flow induced by a point explosion by means of direct numerical calculations of the convective
mixing on an adaptive grid.

Perhaps the most prominent fluid-dynamic feature of the flow is a turbulent wall jet that
is induced by a precursor shock structure. During a point explosion, thermal energy from the
fireball heats the air near the ground surface, creating a thermal layer ahead of the shock front.
The blast wave propagates faster in this high-sound-speed layer, and forms a characteristic
precursor shock structure. Figure 1 presents a shadow photograph of a blast wave precursor

"'Kuhl, A. L. (1993) Turbulent wall jet in a blast wave precursor (plenary lecture), 1993 Japanese National
Symposium on Shock Wave Phenomena (K. Takayama Ed.), Tohoku Print, Sendai, Japan. Also published as
UCRL-JC-112713, Lawrence Livermore National Laboratory, Livermore, CA, 40 pp.
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observed in laboratory experiments (Reichenbach, 1985) at the Ernst-Mach Institut, Freiburg,
Germany. The blast wave was created by the detonation of an 0.5-g Nitropenta charge at 6.7
cm above the surface. The thermal layer was simulated by a high-sound-speed layer, formed
by forcing helium through the porous floor of the test chamber. Clearly visible are the various
waves associated with a precursor shock structure: the precursor shock P and turning shock
T, the Mach stem M and its associated slip lines SLp and SLtp, the incident shock I, and
the boundary layer BL. More important, the photograph graphically demonstrates that the
wall jet embedded in the precursor flow is turbulent.

Turbulent mixing is always driven by the vorticity field. One of the unique features of
dusty flows is that vorticity is created by an inviscid mechanism, namely, baroclinic effects (in
contrast to clean boundary layers that are created by viscous no-slip boundary conditions).
This is perhaps best illustrated by considering the inviscid vorticity transport equation:

dot(uv=(w Vu-w(v w-v(l/e) x vp+vxB/e) (1)
I II III v

The terms on the left-hand side represent the time rate-of-change of the vorticity vector w,
and the convection of vorticity by the velocity field u. The vorticity transport is balanced by
a number of source terms on the right-hand side: I - vorticity stretching along streamlines; II
- vorticity dilatation due to compressibility; III- vorticity creation by baroclinic effects (i.e.,
pressure gradients interacting with oblique density gradients); and IV - vorticity creation
by body forces B. Missing on the right-hand side is the term v y? w that represents the
diffusion of vorticity by molecular transport effects. This is consistent with our convective
mixing approximation to turbulent flows at high Reynolds numbers.

Baroclinic effects predominate during the blast wave phase of the explosion. Vorticity is
created by shock interactions with strong density gradients (e.g., the dust layer, thermal layer
and fireball). These shear layers are hydrodynamically unstable, and rapidly transition into
turbulent mixing layers. The rotational structures in the boundary layer entrain dust from
the surface. Turbulent mixing and transport of the dust then occurs via the velocity field
induced by the vorticity distribution. Additional vorticity generation occurs both because
of large-scale pressure gradients in the blast wave, and because of local pressure gradients
induced by the rotational structures in the mixing layer. Buoyancy effects dominate the cloud
rise phase.

While others have used numerical models based on the mean-flow equations and turbu-
lence closure models (Barthel 1985; Donaldson et al. 1982; Traci and Su 1988), here we
propose a Convective Mixing Model (Kuhl 1992) for flows with large density variations (e.g.,
10° density variations between the dust layer and the fireball gases) that actually calculates
the turbulent mixing and transport of dust on an adaptive grid. This approach has been
used to calculate dusty boundary layers behind a normal shock and various reflected shock
structures, and dusty boundary layers embedded in self-similar wall jet flows such as a double-
Mach reflection on a dusty wedge and a square wave precursor (Kuhl et al. 1990, 1993, 1991
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and 1989). The present calculations then represent the first extension of this methodology
to a truly non-self-similar problem, namely, a blast wave flow.

The formulation of the calculations is described in the next section. The results include:
a flow visualization of the evolution of the wall jet, quantification of the dust layer growth
versus time, scaling methods for analyzing the turbulent flow, and statistical averaging to
establish the mean and root-mean-squared (r.m.s.) profiles across the mixing layer. Finally,
the present results are compared with other self-similar wall jet flows and data.

2. Formulation of the Calculations

The numerical calculations were made with a Convective Mixing Model that has been
proven to be effective in simulating turbulent flows with strong baroclinic effects (Kuhl 1992).
The model is based on the following idealizations: (1) a loose dust bed; (2) an instantaneous
shock fluidization of the dust layer; (3) the dust and air are in local equilibrium, hence, air
viscosity enforces the no-slip condition between phases; (4) the dust-air mixture is treated
as a continuum dense fluid with zero viscosity; (5) the turbulent transport is dominated by
baroclinically-generated vorticity and convective mixing effects; and (6) a two-dimensional
flow approximation is adequate to capture the major features of the mixing. These assump-
tions lead to an inviscid set of conservation laws for the mixture:

2 PV (ou) =0 @)
2 put vlpuw)= - vp ©
 pB+ 7 (pBu) =~ v (pu) (@

where u denotes the velocity and E represents the total energy: E = e + 0.5u-u. The
pressure p is related to the density p and internal energy e by the equation of state

p=(7e— 1)pe (5)

where 7, denotes the effective v of the mixture. Note that this model has a particle pressure
in the dense fluidized bed and allows slip at the bottom of the bed. Both effects are consistent
with observations of granular flow in dense fluidized beds. In the above equations, p actually
represents the mixture density. The dust density p; may be calculated from the relation

pa = pC (6)
This requires an additional transport equation for the dust concentration C, namely:
2C’-+-(u-v)C’=0 (N
ot

while the gas density p, may be evaluated from mass conservation: p = pg + pa. The above
set of equations were integrated by means of a high-order Godunov algorithm for dusty
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gasdynamics (Colella and Glaz 1985; Glaz et al. 1993). AMR (Berger and Colella 1989) was
used to capture the convective mixing processes of the turbulent flow.

An r — z cylindrical coordinates grid was used for the computational mesh. Three levels of
mesh refinement were utilized: grid 1 defined the computational domain of 2000 m in height
by 2000 m in radius, grid 2 was used to capture the shock waves, while grid 3 was reserved for
tracking the dusty flow. A mesh refinement study was performed to check the convergence
of the solution. Mesh sizes are listed in Table 1.

Table 1. Mesh Refinement Studies

Case CPU (hrs) Ay A, As A n
t=1s 25s (m) (m) (m) | cm/KTY? | cells

1 - coarse 0.8% 2t 62.50 | 10.42 | 1.736 50 2
2 - medium 10.0t ~ 421 | 31.25 5.21 | 0.868 25 4
3 - fine 10.5* ~ 33* 15.63 2.60 | 0.434 12.5 8
4 - very fine 91.5* - 7.8131 1.30 | 0.217 6.25 16
* Cray YMP
* Cray XMP

The computational grid was initialized with conditions corresponding to a U.S. standard
atmosphere assuming a ground plane located at 900 m altitude. The ambient conditions at
ground level were:

pe = 0.910 x 108dy/cm?, p, = 1.12 x 107 3g/cm?
eo = 2.03 x 10%rg/g, and ag = \/yPa/pa = 0.337 x 10°cm/s

Next, a dust layer was mapped into the bottom of the grid. It consisted of n cells of soil
at a p, = 1000 mg/cm?, n cells of fluidized bed at a prg = 50 mg/cm?, and n cells of a
dust gradient region where the dust density decreased linearly from 50 mg/cm® to 0. Then
a thermal layer of n cells was placed on top of the dust layer. The thermal layer had a
uniform density profile in the vertical direction but varied with ground range to give the
effective sound speed as inferred from experimental arrival-time measurements (Carpenter
et al. 1991). Note that the thickness H of each of the layers remained constant (H = nAz =
3.472m = 1m/KT!/ %) in all calculations, while the number of cells n in each layer increased
with grid refinement. To start the problem, the flow field corresponding to a 37-KT explosion
at t = 52 ms was placed at 203 m above the ground plane (see Fig. 2).

The left-hand boundary of the grid was treated as an axis of symmetry. The bottom

boundary was treated as an inviscid slip boundary. The top and right boundaries were
treated as outflow boundaries.
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The calculations were run to a time of 1 second. For case 4, this required about 92
CPU hours on the Cray YMP; timings for other cases are listed in Table 1. The results are
described in the next section.

3. Flow Visualization

The initial conditions for the calculation were depicted in Figure 2, which showed the
incident Shock I and blast wave at t = 51.56 ms, and the dust layers DL and thermal layer
TL. Figure 3 presents an overall view of the flowfield at late times (¢ = 1027 ms). It also
introduces a color scheme that will be used to depict the flowfield in subsequent figures. For
example, variations in gas density are made visible by a color scale (Fig. 3b): blue represents
ambient air density, green denotes shock-compressed air, red corresponds to shock-heated air,
and the fireball gases are coded yellow. A separate grey scale (Fig. 3c) is used to visualize
the dust density. In addition, pressure contours are shown as black lines, while white dashed
lines depict the medium and fine grid patches.

At this time, the incident shock I and Mach stem M have expanded to a ground range
of about 800 m. The fireball (FB) is no longer spherical; the reflected shock R deposited
vorticity as it passed through the fireball and caused shock-torusing well before any bulk rise
of the fireball has occurred as a result of buoyancy forces. Also visible are the precursor shock
P and dusty boundary layer (BL) along the surface. The next series of figures present the
details of the evolution of the precursor and boundary layer flow from the very-fine zoned
calculation (Case 4) — spanning the time between Figures 2 and 3.

Figure 4 shows the formation of the precursor shock P, which started to outrun the
incident shock at a ground range GR ~ 130 m. In the regular-reflection regime (GR < 200 m),
the thermal layer gas seems to accumulate under the precursor shock (Fig. 4a). The wall jet
(WJ) does not fully form until a range of GR =~ 240 m (Fig. 4b), which is well beyond the
regular reflection region. From inception, the wall jet is turbulent. The wall jet leaves behind
a vorticity layer that rapidly rolls up into a dusty boundary layer (Fig. 4c). Back near ground
zero, the dust layer actually grows by a Richtmyer-Meshkov mechanism (Fig. 4a), forming
vertical fingers or striations. Also evident is shock T' (actually a continuation of the incident
shock I), which turns the precursor-shocked gas flowing over the top of the wall jet back
toward the surface. This partially stagnates the flow, generating reflected shocks R' and R.
The secondary reflected shock R' is created when the dust layer stops compressing and the
flow is forced to turn parallel to the surface.

In the next series of figures (i.e., Figs. 5 through 9), flow visualization includes not only
black-line pressure contours for visualizing rarefaction waves, but also vorticity contours
(positive shown as as red lines and negative as white lines) for visualizing shear layers and
black-line contours of dilatation (i.e., 77 - u) which identify shocks. Figures 5 and 6 depict
the growth of the precursor and the formation of the Mach stem shock M, as required by
shock theory (i.e., when the angle between shocks I and P becomes large enough). Close
examination of the vorticity contours shows that vorticity is generated by baroclinic effects
when the precursor shock interacts with the top of the thermal layer (creating the free shear
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layer FSL) and the top of the dust layer (creating the boundary layer BL). These two shear
layers rapidly become unstable, roll up, and strongly interact to form the turbulent wall
jet. These interactions lead to the mixing of dust throughout the wall jet flow. Some of
the vorticity in the dust layer falls behind the wall jet to form the dusty boundary layer.
Counter-sign vorticity (i.e., red contours) is baroclinically generated there by entrainment of
dust from the fluidized bed. Also visible are the sliplines emitting from the Mach stem triple
points. The dilatation contours highlight the main shock structures and the weak acoustic
waves radiating from the turbulent mixing structures of the wall jet.

Figures 7 and 8 show the continued propagation of the precursor and the evolution of the
jet. Large-scale merging of vortex structures has finally caused a mixing structure to break
off from the rear of the wall jet. These figures also show that dust entrainment occurs in
long striations in between vortex structures, and thus, dust scouring is very localized and
intermittent.

By a time of 916 ms (Fig. 9), large-scale merging processes have begun to break up the
jet. Continued merging of vortex structures causes the wall jet to stop. The wall jet gases
then balloon upward to form the dust pedestal DP at a range of about 800 meters. No doubt
the details of the jet breakup are three-dimensional and dependent on the grid resolution of
the calculation.

Figure 10 depicts the complete flowfield at ¢ = 1027 ms. The dust heave region is visible
back near ground zero (0 to 300 m). Actually it is not a boundary layer scouring phenomenon
— rather, it is formed by a decompression of the dust layer. It can be thought of as a sound
speed effect, where the rarefaction waves in the air relax much more quickly than in the
dust layer. This creates a pressure gradient that heaves the dust layer upward. Initially the
mixing layer grows by a Richtmyer-Meshkov mechanism (Fig. 4a), and there is very little gas
flow above the layer. Later, the updraft toward the axis and core of the fireball deforms the
vertical striations into a Kelvin-Helmholtz-type mixing layer. Some of the dust from the top
of the heave layer is drawn up into the fireball, and thus forms the leading edge of the dust
stem (DS).

4. Dust Layer Growth

The numerical solution was analyzed to determine the evolution of the dust layer as
a function of time. We begin by defining the visual height of the dust layer z, as the
instantaneous height where the dust concentration approaches zero. The layer height z,(r,t)
was measured at fixed ranges, and the results are plotted as a function of time in Figure 11.
The dust layer grows during the precursor phase, and reaches a peak value that increases
with increasing range — because the scale of the wall jet increases. Then the dust height
drops rapidly as the rear of the wall jet passes a station. The dust layer grows more slowly
during the boundary layer phase, and reaches an asymptotically constant value by the end
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of the blast wave (¢t ~ 2.5 seconds). The layer is thicker at smaller ground ranges, because
convective mixing processes have been transporting the dust for a longer time.

Next, let us define the mean visual dusty boundary layer thickness as:
8u(r,t) = Zy(r,t) — Zo(r, ) (8)

where Z, denotes the mean height of the dust (initially about 10 meters). The results are
presented in Figure 12. During the positive phase at 500 meters, the dusty boundary layer
thickness grows as a power-law function of time; during the negative phase (t > 1.6 s) it
grows more slowly. Similar power-law growths are found at 600 and 700 meters during their
positive phases. This suggests that all of the data may be collapsed to a single curve. In fact,
if one scales the time with the local shock arrival time t,, one finds the following relations:

6, = 5118 (6,] = meters

or

by =1.47'%  [§,] = m/KT/? (9)

where 7 = t/t,. Inspection of Figure 12 shows that the data does indeed collapse to
Equation 9 by using the 7 scaling.

5. Scaling Methods for Analyzing the Dusty Flow

To begin, one must define a coordinate system for sampling the numerical solution. Since
the problem is not self-similar, there are no preferred coordinates. We chose two systems:

o fixed ground ranges
A= r/R, = constant

The first corresponds to the fixed coordinates used for field-test measurements; the second
represents blast wave coordinates that have been used in previous studies (Kuhl et al. 1992).
The flow field was then sampled every time step at x; = constant in every fine-grid cell and
stored as a state vector ¢(x;, z,t) for later statistical analysis (where ¢ denotes all relevant

flow field variables).

Next, the mean visual dusty boundary layer height z,(x;,t), i.e., the height where the dust
concentration approaches zero, was measured. Also, the mean fluidized bed height zrs(X;, 1)
was recorded. This allows one to define a dusty-boundary-layer scaled height y:

_ [ lz—=zeB(xi, 1))/ [Zo(xi, t) — ZFB(Xi) )] 2> 2
v { [z _F;FB(Xi,t)]/EFB(X:‘,t) FB z < 2§§ (10)

Then the solution was interpolated at constant y values to produce the state vector ¢(x;,y,t).

Next, the freestream conditions were defined as the flow field at 1.5 times the dust layer
height, i.e., Yoo = 1.5y. This establishes the local, instantaneous freestream conditions:

¢°0(Xiat) = ¢(Xi)y0°)t) (11)
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that will be used to nondimensionalize the solution in the mixing layer. In this way, one can
define “y-scaled waveforms”

(xi>»t) = $(Xi,¥st)/ Boo(Xirt) (12)

which will be used in the statistical analysis. Figure 13 presents an example of such nondi-
mensional histories of the radial velocity at x = 600 m and y = 0.8 and 0.9.

Point values of a turbulent flow are not particularly useful for fluid-dynamic interpreta-
tions; some form of averaging is always required. Here we have time-averaged the nondimen-
sional waveforms to evaluate the mean-flow profiles:

/b = 8000) = [ 0surt)dt/(t2 — 1) (19)

For example, averaging the velocity histories in Figure 13 over the precursor duration gives a
value of #/uc = 2.7 at y = 0.8 and a value /U = 2.38 at y = 0.9. Given the mean values
®, one can then calculate the root-mean-squared (r.m.s.) fluctuations:

Blmdll = [ B0 u,0) - i) de/ta — ) (14)

ty

and
¢'/$oo = \/[2'(xi, y))? (15)

This analysis then allows one to construct the profiles in the mixing layer that are described
in the next section.

6. Wall-Jet Profiles
6.1 Freestream-Scaled Profiles

The freestream-scaled mean flow profiles in the precursor wall jet are presented paramet-
rically as a function of range in Figure 14. The profiles are quite smooth, indicating that the
duration of the time averaging was adequate. The velocity profiles exhibit the characteristic
shape of a wall jet. The velocity is zero in the fluidized bed (y < 0), it rises to a peak of two
to three times uqo, and then decays to the freestream value above the jet (y > 1).

The density profiles start at a value of about 1000 p, in the soil bed, drop to a plateau
of about 40 po in the fluidized bed, and then decay to a value of one in the freestream. The
profiles seem to converge to a point p/peo = 10 near y = 0. As in previous studies (Kuhl
et al. 1990), leads to an operational definition of the mean height of the fluidized bed, namely,
Yo(x) is defined as the y where 5/po, = 10. Typically, this is within one computational cell
of y = o. This y, will be used later to scale the boundary layer profiles.
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The mean pressure profiles are relatively constant across the layer. The dynamic pressure
profiles reach a peak value of 6 to 8 times goo, Which is characteristic of precursor wall jets.
Increases in the pitot stagnation pressure are even more dramatic.

The freestream-scaled fluctuation profiles of the precursor wall jet are presented in Fig-
ure 15. The profiles are smooth and well ordered, again indicating that the time averaging
was adequate to produce reasonable second moments. Streamwise velocity fluctuations reach
a peak value of u'/us =~ 1 in the jet, and are approximately independent of range. Static
pressure fluctuations range from ten to twenty percent of poo. However, dynamic pressure
fluctuations are large — typically 200 to 400 percent of goo. Similarly, stagnation pressure
fluctuations are very large — five to ten times ppoo — as is typical of turbulent wall jets.

6.2. Wall-Jet-Scaled Profiles

In order to facilitate the comparison with other wall jets, the profiles were replotted using
wall jet scaling:
15 = (¥ = ¥o)/ (U« — ¥o) (16)

where

Yo = mean height of the fluidized bed(i.e., p/peo = 10)
Y« = y where @ = u,

Uy = (um + uoo)/z

Um = maximum value of % in the jet (at y = ym)

In addition, the velocities were nondimensionalized with u,,, while the densities and pressures
were nondimensionalized with their values at y = yp, (e.8., pm = p(Ym), Pm = P(Ym), etc.).

The resulting mean-flow profiles are presented in Figure 16. This wall-jet scaling procedure
works extremely well. It demonstrates that the profiles are indeed similar and essentially
independent of range (except for the 900-m station where the wall jet had dissipated, and
two separate shear layers remained). This is especially true for @, p, g, and p,. Also notice
that by construction, the density profiles converge to a value of p/p, = 10 at ny = 0.

The r.m.s. fluctuation profiles are presented in Figure 17. The streamwise velocity fluc-
tuations reach a peak value of about u'/u, = 0.5, and are self-similar for ranges of 400,
500, and 600 m. At 700 m a transition occurs, and at 800 and 900 m there are two distinct
peaks associated with the separate shear layers (one on top of the thermal layer and the
other associated with the dusty boundary layer) associated with the precursor cleanup phase.
Vertical velocity fluctuations range from 10 to 20 percent of u,, until the ranges of 800 and
900 m, where the wall jet fluid upwells to form the dust pedestal. Density fluctuations reach
a peak value of 10 p,, at the bottom of the boundary layer. Static pressure fluctuations are
typically 10 to 20 percent.
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6.3. Boundary-Layer-Scaled Profiles

In order to facilitate comparisons with other dusty boundary layers, the profiles were
replotted using boundary layer scaling:

nBL = (¥ — ¥o)/(YBL — ¥o) (17)

and ypp is defined as the y where @ = 0.99 u,,. This implies that the nondimensional
boundary layer height in the wall jet is

6/2y = YBL — Yo (18)

The mean-flow profiles are presented in Figure 18. With the exception of stations 800 m
and 900 m, the streamwise velocity profiles are essentially similar and independent of range.
Dynamic pressure and stagnation pressure profiles show big losses near the bottom of the
boundary layer — due to entrainment of zero-momentum dust from the fluidized bed.

The r.m.s. fluctuation profiles of the wall jet boundary layer are presented in Figure 19.
Most notably, the Reynolds stress is zero in the fluidized bed (ngy, < 0).

The profiles of the mean mass and momentum flux are depicted in Figure 20. Most sig-
nificantly, the streamwise mass flux is approximately constant (pz ~ p,, Uy, ) in the boundary
layer, while the mean vertical mass flux is essentially zero.

The calculated boundary layer profiles in the wall jet have been replotted in semilog
coordinates in Figure 21. Close examination shows that profiles from the precursor wall jet
are very similar to our previous simulations of a dusty boundary layer behind a normal shock
and are in good agreement with the Laser Dopler Velocimetry (LDV) measurements (shaded
region; Batt el al. 1988) performed in the TRW shock tube of the latter case. Similar
comments apply to the calculated mixture specific volume profiles, which agree with the
streak x-ray measurements (Batt et al. 1988). In lieu of any dusty wall jet data, we suggest
that this agreement with shock tube data provides the best fundamental validation of the
accuracy of convective mixing simulations of the dusty precursor flow.

7. Comparison with Self-similar Wall Jets

In this section we compare the profiles of the present blast wave precursor with our
previous numerical simulations of self-similar wall jets, namely: (1) A dusty precursor wall
jet generated by a normal shock interacting with a helium layer (Kuhl et al. 1989); (2) A
dusty wall jet embedded in a double-Mach-reflection DMR flow (Kuhl et al. 1991); and (3)
A clean wall jet formed in a steady windtunnel flow (Kuhl et al. 1990).

Comparisons of the streamwise velocity profiles are presented in Figure 22. The present

solution is shown in Figure 22a. The wall jet scaling n; seems to collapse the profiles to
essentially a single curve, except at the farthest ranges of 800 m and 900 m where the free
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shear layer and the wall boundary layer do not strongly interact. The profiles for the square-
wave dusty precursor calculation are presented in Figure 22b. There, the parameter { denotes
the nondimensional distance along the jet (£ = 0 represents the start of the jet and £ =1
denotes the tip of the jet). Again, the wall jet scaling collapses the profiles, except near
¢ = 1 where the two shear layers do not interact. The profiles for the DMR dusty wall jet are
shown in Figure 22c. There, the parameter ¢ denotes the nondimensional distance along the
jet (¢ = 0 represents the start of the jet and £ = 1 denotes the foot of the Mach stem). Again,
the wall jet scaling collapses the profiles, except at ¢ = 0.7 and 0.8 where the two shear layers
do not interact. The profiles for the steady, clean wall jet are shown in Figure 22d. At z = 85,
one finds a classic wall jet profile shape; however, by z = 170 the flow has separated from
the wall, due to large-scale vortex pairings between the free shear layer and wall boundary
layer. In summary, the profiles of the present calculations are quite similar to other wall jet
flows; however, the velocity ratio in the freestream (n; > 2) is problem-dependent.

The corresponding streamwise-velocity-fluctuation profiles are compared in Figure 23.
The wall jet scaling collapses the profiles for the present calculation (Fig. 23a), except for
ranges 800 m and 900 m where the wall jet has mostly dissipated. Peak values are u'/u, =~
0.45. Two distinct peaks are evident in the square-wave dusty precursor case (Fig. 23b).
Evidently, the two shear layers do not interact so strongly in this case; the peak value is
w' [t ~ 0.35. The DMR dusty wall jet (Fig. 23c) also has double-peaked profiles, with the
maximum value of u'/u,, ~ 0.28 near the wall. The steady, clean wall jet also has a double-
peaked profiles, with a maximum value of v'/u; = 0.28. In summary, peak fluctuations
are similar in all cases (ranging from 30 to 40 percent of un). However, the present blast
wave case has basically single-peak profiles, indicating strong interactions between the two
embedded shear layers; the other cases have double-peaked profiles that are indicative of two
distinct shear layer regions.

The corresponding transverse-velocity-fluctuation profiles are compared in Figure 24. In
the present blast wave case (Fig. 24a), the profiles reach a peak value of about v'/u;, = 0.2,
with the exception of stations 800 m and 900 m, where the upwelling of the flow is forming the
dust pedestal. The other cases exhibit double-peak profiles — indicative of two distinct shear
layer regions. Maximum fluctuations range from v'/u, = 0.08 to v'/u; = 0.32, depending
on the case considered.

The corresponding semi-log boundary layer profiles are compared in Figure 25. The
calculated profiles for the present blast wave case (Fig. 25a) are in excellent agreement with
the LDV measurements of dusty boundary layer profiles in the TRW shock tube tests (Batt
et al. 1988) and also with our previous simulations labeled NS (Kuhl et al. 1990) of those tests.
They are also similar to the profiles of our previous square-wave precursor flow (Fig. 25b),
and DMR wall jet (Fig. 25c), where dust density effects were strong. These comparisons
then suggest that the present calculations of a blast wave precursor produce a wall jet similar
to those found in self-similar problems that have been studied previously (e.g., Bajura and
Catalano 1975; Wygnanski et al. 1992).
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8. Summary and Conclusions

Careful examination of the flow visualization (e.g., Figures 3 to 10) revealed a wealth of
information on the fluid dynamics of turbulent dusty flows in explosions. These calculations
showed that there are three distinct regions of dusty flow: (1) a heave region near ground
zero; (2) a boundary layer region; and (3) a wall jet. The precursor formed well within the
regular reflection regime (GR =~ 130 m), and the Mach stem formation was delayed until
GR ~ 350 m (i.e., well past the Mach transition, GR =~ 200 m), because of the precursor
shock structure.

The dust heave region (0 < GR < 300 m) was created by a sound speed effect whereby
pressure gradients relaxed faster in the air than in the dust layer; this pressure difference
heaved some of the dust upward. Initially the layer grew by Richtmyer-Meshkov fingering
mechanisms, but eventually it grew by Kelvin-Helmholtz mixing, and formed the leading
edge of the dust stem.

A dusty boundary layer was left behind in the wake of the wall jet. During the positive
phase, it grew as a power-law function of time: §, = 1.4 715 (m/KT/?), due to entrainment
and merging processes. During the negative phase, opposite sign vorticity was created by
blast wave pressure gradients. Dust scouring occurred naturally via entrainment of dust from
the fluidized bed due to the velocity field of the rotational structures of the boundary layer.

A turbulent wall jet was induced by the precursor shock structure. The jet formed at a
range GR ~ 240 m, which is outside the classical regular reflection region (GR < 200 m) of
the blast wave. In the region 240 m < GR < 600 m, the wall jet was strongly coupled to the
precursor shock structure, and this enforced a predominantly two-dimensional character to
the flow. Strong interactions were observed between the free shear layer and the boundary
layer, leading to pairings and large-scale mergings that mixed the dust throughout the wall
jet. Such processes also caused local separations and intermittent dust scouring.

Eventually the wall jet fell behind the precursor, due to the inertia of the dusty flow.
When the wall jet decoupled from the precursor shock structure (600 m < GR < 800 m), it
became unconstrained and quickly broke up into large-scale mixing structures that separated
from the ground. The details of the breakup were dependent on the grid resolution, and
were fundamentally a three-dimensional phenomenon. Eventually, the wall jet fluid (i.e., the
vorticity, dust and thermal layer gas) merged and ballooned upward to form a dust pedestal
at GR ~ 800 m. Thus, the run length of the wall jet was about 560 m or 165 H (where H is
the thermal layer thickness).

Scaling methods were defined to analyze the dusty flow. The visual dust height z,(r,t)
was used to scale the upper portion of the mixing layer, while the fluidized bed height
zpB(r,t) was used to scale the lower portion of the boundary layer. In addition, the flowfield
was nondimensionalized by the local, instantaneous freestream conditions ¢o(r,t). Time-
averaging of such nondimensional waveforms was adequate to produce smooth, well-behaved
mean and r.m.s. profiles.

68



Problem 3. Blast Wave Reflections from Ground Surfaces

It was demonstrated that the wall jet profiles scale with ny = (¥ — ¥,)/y« — ¥o) and that
the profiles were similar to other wall jet flows. The boundary layer portion of the wall jet
scaled with 7L, = (¥ — ¥o)/¥BL — ¥o); these profiles were similar to the measured profiles for
a dusty boundary layer behind a shock.

Such agreement with data suggests that the two-dimensional flow approximation used here
is adequate to capture the mean-flow effects in the mixing layer. However, one might expect
that the calculated fluctuations are only qualitatively similar to actual turbulent fluctuations
— because of the two-dimensional flow approximation.

We certainly realize that boundary layers are inherently three-dimensional; consequently,
we have begun some calculations with our 3D-AMR code. Figure 26 presents an oblique view
of the calculated dust concentration surface at ¢ = 1 s. Three-dimensional effects are evident,
especially in the boundary layer flow behind the wall jet. Such a three-dimensional approach
should be used in future simulations of turbulent mixing layers.

Finally, it is worth noting that these dusty flows are really baroclinic boundary layers,
where density replaces the role of viscosity. Large densities in the fluidized bed enforce the
condition u = 0 at the bottom of the dusty boundary layer by inertia, just as viscosity and
the no-slip condition on the wall create clean boundary layers.

9. Epilogue

The present approach avoids the perils and limitations of turbulence models that are, by
necessity, based on integration of mean-field equations. As Chorin (1975) has pointed out,
the laws of fluid dynamics are nonlinear, so the integration of the averaged equations does not
equal the average of the integrated equations. The Convective Mixing Model is based on the
latter approach, namely, we integrate the equations (by calculating the convective mixing on
an adaptive grid) and then average the solution. This approach can provide a more faithful
numerical simulation of a wide spectrum of fluid dynamic mixing problems.
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Figure 1.  Shadow photograph of a blast wave precursor experiment.
(Courtesy of Dr. H. Reichenbach, Ermnst Mach Institut, Freiburg)

72



Problem 3. Blast Wave Reflections from Ground Surfaces

GR (m)

Figure 2. Initial conditions (t = 51.56 ms) of the calculation showing the
explosion at z = 203 m: incident shock I, fireball FB, thermal layer TL,

and dust layer DL (logpg contours).
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Figure 3. Contours of log(pg) showing the overall flowfield at t = 1027 ms.
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Figure 4 Initiation of the precursor P and the formation of the wall jet:
(a) t=109 ms; (b) t = 176 ms; (c) t = 248 ms (logp, contours).
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Figure 5. Growth of the precursor P and the development of the wall jet:
(a) t =332 ms; (b) t = 438 ms (logpg contours).
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Figure 6. Precursor propagation and transition of the wall jet:
(a) t = 603 ms; (b) t = 730 ms (logp, contours).
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Figure 7. Decay of the precursor P and breakup of the wall jet:
(a) t = 800 ms;
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Figure 10. Late-time flowfield showing the entrainment of dust from the

boundary layer up the dust stem and into the turbulent cloud;
also visible is the dust pedestal DP at GR = 800 m: t = 9.6 s;

left panel shows vorticity contours; right panel shows logp contours.
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Figure 11. Evolution of the visual dust height z, at various ranges.
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Figure 13. Nondimensional velocity histories at GR = 600 m:
(@a)y=0.8;(b)y=09.
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Figure 14. Free stream-scaled wall jet mean profiles: (a) streamwise velocity;
(b) density; (c) pressure; (d) dynamic pressure; (e) pitot pressure.
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Figure 15. Free stream-scaled wall jet R.M.S. profiles: (a) streamwise velocity;

(b) vertical velocity; (c) Reynolds stress; (d) density; (e) pressure;
(f) dynamic pressure; (g) pitot pressure.
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Figure 16. Wall-jet-scaled mean profiles: (a) streamwise velocity; (b) vertical velocity;
(c) density; (d) pressure; (¢) dynamic pressure; (f) pitot pressure.
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Figure 17. Wall-jet-scaled R.M.S. profiles: (a) streamwise velocity; (b) vertical velocity;
(c) Reynolds stress; (d) density; () pressure; ‘d) dynamic pressure.
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Figure 18. Mean boundary layer profiles of the wall jet: (a) streamwise velocity;
(b) vertical velocity; (c) density; (d) pressure; (¢) dynamic pressure;
() pitot pressure.

88



Problem 3. Blast Wave Reflections from Ground Surfaces

0.6,

0.4 ]

£
~
)

0.2;

0.6

0.4]

v uy,

0.2

0.12 1

0.081

0=
0.04 - 3
\> =~
=0 w1
-1 -1

8L

NBL

Figure 19. R.M.S. boundary layer profiles of the wall jet: (a) streamwise velocity;
(b) vertical velocity; (c) Reynolds stress; (d) density; (e) pressure;
(f) dynamic pressure; (g) pitot pressure.

89



pu/ Prmlim

PV / Prmitn

Problem 3. Blast Wave Reflections from Ground Surfaces

TBL

Figure 20. Mean boundary layer flux profiles of the wall jet: (a) streamwise mass;
(b) vertical mass; (c) streamwise momentum; (d) vertical momentum;
(e) cross-stream momentum.
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Figure 21. Mean boundary layer profiles of the wall jet: (a) streamwise velocity;

(b) specific volume; (c) dynamic pressure. NS represents previous
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data bands of Batt!8,
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Figure 22. Comparison of mean wall jet velocity profiles: (a) present blast wave
precursor calculation; (b) square-wave precursor; (¢) DMR wall jet;
(d) steady-flow wall jet.
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Figure 23. Comparison of wall jet u” fluctuation profiles: (a) present blast wave
precursor calculation; (b) square-wave precursor; (c) DMR wall jet;
(d) steady-flow wall jet.
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Figure 24. Comparison of wall jet v” fluctuation profiles: (a) present blast wave
precursor calculation; (b) square-wave precursor; (c) DMR wall jet;

(d) steady-flow wall jet.
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Figure 25. Comparison of wall jet mean velocity profiles: (a) present blast wave
precursor calculation; (b) square-wave precursor; (c) DMR wall jet.
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Appendix A: Empirical thermal layer from Event Priscilla
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Appendix B: Color visualization of the precursor wall jet flow
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Appendix C. Color visualization of the dusty boundary layer surface

t=0.654s

£ IAD

EXL OV Rl v e "L
R P ~ - < = £
e ;32\1" P "‘!':lg“fﬁ"h"‘.“

Thiee—dimemsional visvalization of the turbulent veall jet and dusty boundary layer flow for Priscillaat 0654 =
for456m < x < 720m of dust concentiation of 10%; 1) oblique viewed, 1bj viewed looking towad gronnd zero
from above and 1) vieveed looking toward gronnd zeo atground level.
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Three—dimensional visualization of the turbulent wall jet and dusty boundary layer flow for Pdsclla at0.711s
for 480m < x < 744m of dust concentmtion of 10%(a) oblique viewed, (b) viewed looking toward ground zero
from above and (¢) viewed looking toward ground zero at ground level.
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t=0941s
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t=123s

Thuee—di mensional visvalization of the turbulent vrall jet and dusty bonndauy layer flovr for Priscillaat 1.23s
for672m < x < 936m of dust concentration of 10%; 1al oblique vievred, 1b1 vieved locking tovrard griound zewo
from above and Ic) vieveed looking toward gronnd zewo at ground level.
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t=138s

Three—dimensional visvalization of the turbulent vaall jet and dusty bonndary layer flow for Pascilla at L.38s
for 7Hm < x<¥84m of dist cancentmtion of 10%: 121 oblique viewed, 1b1 vieveed ko kdog tovard ground zero
from above and Ic) vievred locking toward gronnd zero at gronnd level.
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Problem 4: Spherical Mixing Layers

Abstract

This study explores the properties of spherical combustion clouds in explosions. Two cases are
investigated: (i) detonation of a TNT charge and combustion of its detonation products with air,
and (ii) shock dispersion of Aluminum powder and its combustion with air. The evolution of the
blast wave and ensuing combustion cloud dynamics are studied via numerical simulations with
our Adaptive Mesh Refinement (AMR) combustion code. The code solves the multi-phase
conservation laws for a dilute heterogeneous continuum as formulated by Nigmatulin. Single-
phase combustion (e.g., TNT with air) is modeled in the fast-chemistry limit. Two-phase
combustion (e.g., Al powder with air) uses an induction time model based on Arrhenius fits to
Boiko’s shock tube data, along with an ignition temperature criterion based of fits to Gurevich’s
data, and an ignition probability model that accounts for multi-particle effects on cloud ignition.
Equations of state are based on polynomial fits to thermodynamic calculations with the Cheetah
code, assuming frozen reactants and equilibrium products. Adaptive mesh refinement is used to
resolve thin reaction zones and capture the energy-bearing scales of turbulence on the
computational mesh (ILES approach). Taking advantage of the symmetry of the problem,
azimuthal averaging was used to extract the mean and rms fluctuations from the numerical
solution, including: thermodynamic profiles, kinematic profiles, and reaction-zone profiles
across the combustion cloud. Fuel consumption was limited to ~ 60-70 %, due to the limited
amount of air a spherical combustion cloud can entrain before the turbulent velocity field decays
away. Turbulent kinetic energy spectra of the solution were found to have both rotational and
dilatational components, due to compressibility effects. The dilatational component was typically
about 1% of the rotational component; both seemed to preserve their spectra as they decayed.
Kinetic energy of the blast wave decayed due to the pressure field. Turbulent kinetic energy of

the combustion cloud decayed due enstrophy «” and dilatation A’ .

1. Introduction

This study investigates combustion clouds embedded in unconfined spherical explosions. Two
charge configurations are considered: a 0.5-g spherical PETN booster surrounded by a spherical
shell of either 1-g of TNT solid or of 1-g of Aluminum (Al) powder; these provide the fuel for
the combustion process. Detonation of booster disperses the fuel, whose expansion drives a blast
wave into the surrounding atmosphere. The fuel-air interface is unstable and rapidly evolves into
a turbulent mixing layer. The hot detonation products and the shock-heated air serve as ultra-
strong ignition sources of the fuel-air mixture, which evolves into a spherical combustion cloud
[1,2].

The evolution of the blast wave and ensuing combustion cloud dynamics are studied via
numerical simulations with our adaptive mesh refinement (AMR) combustion code [3,4]. The
code solves the multi-phase conservation laws for a dilute heterogeneous continuum as
formulated by Nigmatulin [5]. These equations are integrated with high-order Godunov schemes
on uniform Eulerian grid patches. AMR is used to resolve reaction zones and capture energy-
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bearing scales of the turbulence (the ILES'’ approach). This Model of turbulent combustion in
explosions has been validated by extensive comparisons with data from calorimeter experiments
[1.2]. Computed pressure histories were shown to agree well with measured waveforms in
twenty-four different types of experiments [3], [4]—thereby establishing the accuracy of the
combustion Model for this class of combustion problem.

However in those previous studies, the nature and details of the computed turbulent fields
remained undiagnosed. The purpose of the follow-on work described here was to investigate
such turbulent combustion clouds in a geometry whereby the turbulence fields could be easily
extracted and investigated. To that end we chose the unconfined spherical mixing layer
geometry; due to the point symmetry of the problem, the flow fields could be azimuthally
averaged to evaluate the mean and rms profiles of the turbulent fields.

The Model is described in §2, including: governing conservation laws, multi-phase
interaction terms, combustion modelling, equations of state, numerical methods, and statement of
the initial value problem. Results are presenting in §3, including: flow visualization; azimuthal
averaging methodology; thermodynamic, kinematic and reaction-zone profiles across the mixing
layer; and turbulent kinetic energy spectra. This is followed by a Summary and Conclusions in
§4.

2 Model
2.1 Conservation Laws

The model is based on the Eulerian multi-phase conservation laws for a dilute heterogeneous
continuum as formulated by Nigmatulin [5]. We model the evolution of the gas phase
combustion fields in the limit of large Reynolds and Peclet numbers, where effects of molecular
diffusion and heat conduction are negligible on the gasdynamic fields. The flow field is governed
by the following conservation laws:

Mass: (?,,0+V'(pll)= ds (1)
Momentum: d,pu+V-(puu+ p)= dsV—Ji @)
Energy" O’ItpE‘F V * (pllE + pu) = _qs + O.'ses _f; ‘v (3)

where p,p,u represent the gas density, pressure and specific internal energy, u is the gas
velocity vector, and E=u+u-u/2 denotes the total energy of the gas phase. Source terms on
the right hand side take into account: mass transfer from the particle phase to gas phase (o,),
acceleration of particle phase by drag ( fs ), and heat exchange (g,) to the particle phase. For gas-
phase combustion (the TNT-air case), the gasdynamic form of the above equations is used (i.e.,

12 Implicit Large Eddy Simulations (ILES), see reference [32]
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o, = fs =q,=0). For two-phase combustion, the above equations are supplemented by the
following two-phase modeling laws.

We treat the particle phase as an Eulerian continuum field. We consider the dilute limit, devoid
of particle-particle interactions, so that the pressure and sound speed of the particle phase are
zero. We model the evolution of particle phase mass, momentum and energy fields by the
conservation laws of continuum mechanics for heterogeneous media [3],[5]:

Mass: 0,0+V-0v=-0, 4)
Momentum: doV+V-OW=-0V+f (5)
Energy: d,0e. +V-oev=qg -0, (6)

where o and v represent the particle-phase density and velocity, and e, =C,T, denotes the
specific internal energy of the particle phase.

It is important to point out that there is no “heat addition due to combustion” in the
energy equation (3). This is a consequence of the absolute energy formulation of the Le Chatalier
diagram (Fig. 1), which will be explained in §2.4. In this formulation, energy is constant—a
System invariant.

2.2 Interactions

The inter-phase interaction terms for mass, momentum, heat and particle burning take the form as
described in Khasainov et al. [6]:

" 0 T <T, o
Mass Exchange: o = : 7
30(1+0.276\Re )/t T.=T,
Vaporization time: t, = Kd’ ()
Momentum Exchange: f = EﬁgCD (u- V)|u - V| 9
- 4pd,
Drag Coefficient: C,=24/Re ,+4.4/,/Re, +0.42 (10)
Heat Exchange: ] = 63 NLM(; -1 +e0,, (T -T") (11)
pS s s
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where Re = pd,

u-v|/u, Nu=2+06PrRe, , Pr=Culk, p =27g/cc is the density of

the Al particle and d, its diameter, while K =150 s/cm” according to Ingignoli ”'. The gas
viscosity, specific heat and thermal conductivity are denoted by u, C,, and k , respectively.

Previously, the above interaction terms (7)-(11) where used successfully by Veyssiere
and Khasainov [8] to model steady, plane, double-front detonations in gaseous explosive
mixtures containing suspended Al particles. In the current implementation, we convert the Al
particles to a liquid at 7, =932K . We assume that once in the liquid phase, the droplets quickly
form a micro-mist due to intense accelerations by the gas, as has been demonstrated by Kobiera
et al [9] for hexane droplets. At this point the liquid is assumed to be in velocity and temperature
equilibrium with the gas phase, and we assume that the micro-mist is susceptible to diffusive
combustion (limited by the oxidizer supply rate) without having to reach the boiling temperature
of Al (~2,300 K).

2.3 Combustion

We consider three fuels: PETN detonation products ( F;), TNT detonation products ( F,), and
Aluminum ( F}), along with their corresponding combustion products: PETN-air ( £) and TNT-
air ( P,) and Al-air ( P,). We model the global combustion of the fuels F, with air (A) producing
equilibrium combustion products P, :

F,+A =P, (k=1,2o0r3) (12)

The mass fractions Y, of the components are governed by component conservation laws; in the
limit of large Peclet numbers (where molecular diffusion effects are negligible) they become:

Fuel-k: d.pYy +V-pY u=-5, +0,,0, (13)
Air: 9,pY, +V-pY,u= _E S, (14)
k
Products-k: d.pY, +V-pY,u= E(l +a,)s, (15)
k

Fuel and air are consumed in stoichiometric proportions: ¢, = A, / F, . In the above, §, represents

the global kinetics term. For PETN-air and TNT-air combustion, we assume combustion is
mixing limited, so we use the the fast-chemistry approximation: whenever fuel and air enter a
computational cell, they are consumed in one time step. For Al-air combustion, we use an
induction time model described below. The term &,,0, " represents the conversion of Al from

the particle phase to the gas phase, which creates a source of Al fuel.

" Kroneker delta: &5 =1if k=3 & 8, =0 if k=3
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Following Korobeinikov """ and Oran " for premixed systems, we define an induction-

time fraction: f(x,?), which is initialized to zero: f(x,0) =0, and grows to 1 at the end of the
ignition delay. It evolves according to the following advection equation:

Induction Model: dof+v-Vof=0olrt, (16)
The induction time, T,, is based on an Arrhenius fit to Boiko’s Al particle data: /113114

Ey/RT
Induction Time: T, =Ae (17)

where A =1.6x 10* s and E, = 60 kcal/mole for flake Al. An ignition temperature model 7 is
also employed:

03

COX ds
Ignition Temperature: i = Tpo =0-6 = 1 exp(—0.85\/dj ) (18)

where T, ~is the melting point of the Aluminum oxide coating (~2300 K), C,. denotes the

mpo
oxidizer concentration, and A represents the thermal conductivity of the gas. It is based on fits to
Gurevich’s data ',

An ignition probability model is used to capture multi-particle effects on cloud ignition "*':

1
Ignition Probability: o)= 19
& 4 4:(0) 1+expl(o,—0)/b] (19)

Here 0, denotes the value of particle concentration resulting in a 50 % probability of cloud
ignition, while b represents the slope parameter which determines the width of the probability
function. For flake Al particles ignition in air, they acquire the following values: o, =130 g/m’

and b = 20. Equation (19) was determined empirically by fitting data from the Al particle cloud
experiments of Boiko "*"'*, It models the requirement that the local concentration of particles
must be large enough so that ignition of one particle can be passed on to its neighbors—a cloud
ignition effect—in contrast to the single-particle ignition effect (e.g., the Gurevich ignition
temperature function (18)). Being based on experimental data, it implicitly presumes that the
local mixture is within the flammability limits of the Al-air system considered.

Finally, ignition occurs in the model when f =1 and 7, > T;; then the source term
becomes:

Ignition: S;=0"u. (o) (20)
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2.4 Equations of State

Our code carries the density and specific internal energy, along with the gas composition in each
cell. These are used to calculate the pressure and temperature in a computational cell based on
Equations of State (EOS). The thermodynamic states encountered during shock-dispersed-fuel
(SDF) explosions have been analyzed in [16]. Here we summarize only the salient features
needed for the numerical modeling. The caloric equation of state can be specified in the Le
Chatelier plane (Fig. 1) of specific internal energy as a function of temperature: u(7). Notice
that these curves are negative at low temperatures; this is because the heat of formation is

included in u(T); we call this the absolute energy formulation.

Loci of states covering the temperature range 300 K =7 <6000 K were calculated by
the Cheetah code [17], based on the following thermodynamic assumptions:

* Ajr: equilibrium isobar"* ( p =10 atm)
*  Aluminum: equilibrium isobar ( p =10 atm)

* PETN detonation products: equilibrium isentrope passing through the Chapman-Jouguet
point, with frozen composition for 7' < 1800 K"

* TNT detonation products: equilibrium isentrope passing through the Chapman-Jouguet
point, with frozen composition for 7 < 1800 K °

*  Al-air combustion products: equilibrium isobar* ( p =10 atm)

These loci were fit with piecewise quadratic functions for each component:
uT)=aT’+bT +c, T<T<T, 1)

The coefficient values a,,b,,c; are tabulated in [16]. Given the computational cell specific

internal energy, u, temperature is evaluated by solving the above quadratic for 7. Pressure is
then calculated from the perfect-gas relation'’:

p=pRT (22)

or from the JWL function in the detonation products gases:

-V,

a4

pJWL(V’T)=A(1_ )eXP(—Rl vivy)+

(23)

B(l—w‘vo)exp(—R2 v/Ivy)+RT /v

L'V

where v is the specific volume (v =1/ p ). For more details, see [16].

' We found that the u(l)
solely a function of temperature; above 4000 K this is an approximation, with an error less than 10%.

1 see Ree et al. [18] for justification

'® We found that the perfect-gas law accurately describes constant volume explosions for p <1 kbar [2].

isobar
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2.5 Numerical Methods

The above conservation laws were integrated with a high-order generalization of Godunov’s
method "', The algorithm is based on an efficient Riemann solver for gasdynamics first
developed by Colella and Glaz *” and Colella and Woodward "' and extended to generalized
conservation laws by Bell et al. ** and to un-split upwind schemes by Colella >, The solver was
modified to accommodate negative specific internal energies (vid. Fig. 1) associated with our
thermodynamic formulation. The algorithm for the particle phase conservation laws is based on a
Riemann solver for two-phase flows as developed by Collins et al. [24]. The boundary condition
for the particle phase at a solid wall was elastic reflection (i.e., momentum reversal). Source
terms are treated with Strang-splitting methods. Since the integrators are based on Riemann
solvers; information propagates along characteristics at the correct wave speeds, and they
incorporate nonlinear wave interactions within the cell during the time step. They include a
limiting step (slope flattening) that automatically reduces the order of approximation in the
neighborhood of discontinuities, while in smooth regions of the flow the scheme is second order
in time and space.

The Godunov algorithm forms the integrator for our adaptive mesh refinement (AMR)
code. Our adaptive methods are based on the block-structured AMR algorithms of Berger &
Colella ™', and extended to three-dimensional hyperbolic systems by Bell et al. **'. Embedded
boundary methods "' are used to represent irregular geometries. In this approach, regions to be
refined are organized into rectangular patches, with several hundred to several thousand grid-
points per patch. One can refine on discontinuities (shocks and contact surfaces), on Richardson
error estimates, or for present purposes, on reaction zones. Grid patches are assigned to
processors by a knapsack algorithm based on workload estimates, ' so the AMR code runs
efficiently on massively-parallel computers. !

AMR is also used to refine turbulent mixing regions; by successive refinements we are
able to capture the energy-bearing scales of the turbulence on the computational grid. In this way
we are able to compute the effects of turbulent mixing without resorting to explicit turbulence
modeling. This is consistent with the so-called MILES (Monotone Integrated Large-Eddy
Simulation) approach of Boris """/ A comprehensive review of such Implicit Large-Eddy
Simulation (ILES) methods may be found in Grinstein et al. "', Verification of the ability of our
upwind scheme to produce velocity fields that replicate the Kolmogorov spectrum of turbulent
flow, has been demonstrated by Aspden et al. "' for incompressible flows.

2.6 Initial Conditions
We simulated two cases of combustion in unconfined explosions: afterburning of TNT in air and

combustion of Al powder with air. These fuels were dispersed by the detonation of a PETN
booster. Charge configurations were:

* 0.5-g spherical PETN booster ( p, =1 g/cc), surrounded by 1.0-g spherical shell of TNT
fuel (p,=1g/cc),
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* 0.5-g spherical PETN booster ( p, =1 g/cc), surrounded by 1.0-g spherical shell of loose
Al powder (p,=0.6 g/cc)."”

The computational domain was: —100cm < x <100cm ; -100 cm <y < 100 cm; -100 cm <
7 <100 cm. A base-grid of A, =3 mm was used, with four levels of refinement, so the mesh size
of the finest grid was A, =02 mm . The domain was initialized with air at: p, =1atm,
T =273K, p,=12mg/cc . The simulation was run to a time of 4 ms.

3 Results
3.1 Flow Visualization

Turbulent combustion inside the cloud is visualized by a color-bar representation of the
temperature field in Fig. 2. The TNT-air cloud reaches a combustion temperature of ~ 2000 K,
while the Al-air cloud reaches a combustion temperature between 3000 and 4000 K. For the TNT
case, combustion occurs along thin flame sheets (Fig. 3), while a distributed-combustion mode is
realized for the Al-powder case (Fig. 2 d-f) due to two-phase flow effects. By performing
reactive and non-reactive flow simulations shown in Fig. 4, it was demonstrated that combustion
caused no change in the pressure field during the positive phase of the blast wave—in other
words, combustion in the fireball is isobaric. This is confirmed by pressure histories measured in
a 40 liter calorimeter (Fig. 5); experiments in nitrogen versus air illustrate that combustion
effects become noticeable after reflections from the chamber walls.

3.2 Azimuthal Averaging

The problem under consideration is point symmetric. In the absence of instabilities at the fuel-air
interface, the solution is solely a function of radius and time: ®(r,7). An example of this is blast
wave from a TNT charge as calculated by Brode "', One can obtain the radial solution by
azimuthally averaging the computed 3D flow field to produce ®(r,t). Given that mean, one can
compute second moments of the flow field to evaluate root-mean-squared (rms) fluctuations
about the mean: ®'(r,t), . The numerical algorithm for accomplishing this is described in

Appendix A. This technique was first used by Kuhl ** to investigate spherical mixing layers in
TNT explosions.

3.3 Thermodynamic Profiles

The azimuthally averaged thermodynamic profiles of density, temperature and pressure in the
TNT combustion cloud are presented in Fig. 6. The mean fields (left column) depict the one-
dimensional blast wave fields engendered by the detonation of the TNT charge (vid. Brode™*”).
The rms fields quantify the consequences of the three-dimensional turbulent mixing. Since

" This Al powder density corresponds to a porosity of 80% (i.e. a volume fraction of 20%); it was a consequence of
the inefficient packing density of the flake Al particles used in the experiments. It is also why the dilute
heterogeneous continuum model used here is successful.

120



Problem 4. Spherical Mixing Layers

pressure fluctuations are very small (~ 1% of ambient), density fluctuations track temperature
fluctuations, which increase in time due to combustion.

3.4 Kinematic Profiles

Azimuthally averaged kinematic profiles in the TNT combustion cloud are presented in Figs. 7.
The mean radial velocity profiles again resemble those from TNT charges.”*"**" The rms
velocity-fluctuation profiles (u;,u,u; ) are similar in magnitude; at 0.2 ms they peak at ~ 60 m/s

and decay to ~ 5 m/s by 4 ms. Thus the turbulence is isotropic in this problem. The Reynolds
stress profiles at # = 0.65 ms are depicted in Fig. 7e. This flow is dominated by the diagonal
stresses (7,,,Tyy,T,, ) Whose profiles are similar, while the cross terms (7,,,7,,,7,,) are negligible.

rr?

Enstrophy: @’ (or inner product of the vorticity vector: @), provides scalar measure of the
phy p y p

vorticity field. Its mean'® profiles w(R,,t)* are presented in Fig. 7f; they decay by two orders of
magnitude during the 4 ms of the simulation.

3.5 Reaction Zone Profiles

Development of the component mass-fraction profiles: Y,(r,t) (where k = D, DP, F, CP, A
representing PETN driver gas, PETN-air combustion products, TNT detonation products as a
fuel, TNT-air combustion products and air, respectively) are presented in Fig. 8. Most
prominently Fig. 8 shows the initiation and growth of the combustion products CP near r = 10
cm, and the depletion of fuel: F and air: A due to combustion. Eventually the combustion
products spread throughout the cloud (Fig. 8f) as a consequence of turbulent mixing.
Development of the component mass-fraction profiles in the Al-air combustion cloud, are
presented in Fig. 9. Profiles are qualitatively similar to those of the TNT-air cloud (Fig. 8).

Details of the early time growth and evolution of the combustion Products mass profiles
for the TNT case are presented in Fig. 10. The reaction zone starts at 10 us near r ~ 3 cm (Fig.

10c); by 100 ws its center has migrated out to r ~ 10 cm and has broadened into a shell of width

~ 6 cm. By 4 ms, it has moved out to r ~ 15 cm; Products have spread throughout the cloud due
to turbulent mixing. rms fluctuations of Products were approximately 50% the mean (Fig. 10d).
It is worth recalling that the simulations were performed for 1-g fuel charges. Although

not labeled as such in Figs. 8-10, one can consider the radial dimensions and times as r(cm /g"”)

and t(ms/g") when scaling to other charge masses.

3.6 Fuel Consumption
Fuel histories are depicted in Fig. 11. In the present unconfined cases, 60-70% of the fuel had

been consumed by 4 ms, and the slope of the fuel curves m(t) was becoming asymptotically
small. In the previous calorimeter calculations, virtually all of the fuel had been consumed by 4

18 . — > 1
Mean enstrophy is computed from: w(R ,t)" = — w(R,,0,9) w(R
phy p il ¢

n’

6,¢)dV according to A3
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ms —due to the continued stirring induced by shock reverberations in the chamber. This
comparison suggests that there is a limit to how much air the unconfined spherical mixing layer
can entrain before the turbulent velocity field dies (see Figs. 7b, c, d). For the stoichiometric
requirements of the fuels considered (3.5=a, <4), the mixing limitation has the effect of

limiting fuel consumption to 60-70%.
3.7 Turbulent Kinetic Energy

We have analyzed the evolution of the turbulent velocity field in the combustion cloud. We start
by defining the fluctuation velocity as a fluctuation about the mean radial velocity:

u'(x,t)=u(x,t)—u,(r,t) (24)

where the mean radial velocity u (r,t) was evaluated by the azimuthal-averaging procedure.

Since the flow is compressible, we decompose the fluctuation velocity into rotational and
dilatational components (see Batchelor *™):

u'(x,t)=u, (X,1)+u(X,r) (25)

The rotational component depends on the vorticity field according to the Biot-Savart law:
u, (%0 == [Ex0/(x,0dV(x) 26)
4 s

where the vorticity is derived from the fluctuation velocity according to w'=Vxu', and
s=x-x and s=|s|. The rotational component is solenoidal: V-u/ =0 . Similarly, the

dilatational component depends on the dilatation field according to its Biot-Savart law:
u, (%0 = —— [ A0V () 27)
4 s

where the dilatation is derived from the fluctuation velocity according to A'=V-u/, . The
dilatational component is irrotational: Vxu), =0 . Then one can define the fluctuating kinetic
energy components:

FKE, = %(u;)2 and  FKE, = %(u;)2 (28)

Based on the above decomposition, the Fourier transforms of FKE (x,t) and FKE,(X,?)
were computed at different times. Results are plotted as the turbulent kinetic spectrum in Fig. 12.
Initially, all the kinetic energy resides in radial velocity field: u_r of the blast wave (i.e., u'=0).
By 50 us (Fig. 2a), fluctuations have started to grow on the TNT-air interface; they begin
splitting into rotational and dilatational components (Fig. 12a) — with the dilatational
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component being dominant. By 100 us, the fluctuating kinetic energy has concentrated in the
rotational component; thereafter the dilatational component is about 1 % of the rotational
component. Both seem to preserve their spectrum as they decay (Fig. 12b). These results are
reminiscent of the behavior of the solenoidal and compressional spectra predicted by Porter et al
B8 1391 who performed gasdynamic simulations of decaying turbulence in a supersonic field,
based on the PPM Godunov algorithm ** (a relative of the Godunov scheme used in these
simulations). For fundamental discussions of turbulence spectra see Kolmogorov “” and the
monograph by Zarkov, L’vov and Falkovich ',

Consider the global kinetic energy equation, as derived from the compressible Navier-
Stokes equation (derivation may be found in Appendix B):

%pKE=—u-Vp—Ma7—%uP (t<2ms) 29)

where u represents the shear viscosity coefficient. From this one can see that the global kinetic

energy decays because of the pressure field, the enstrophy: @’ and the dilatation: A’ . This
relation becomes invalid when the shock wave runs off the grid (boundary integral terms would
appear in eq. (29)); this happens at ~ 2 ms in this simulation.

Evolution of the global kinetic energy: KE(t), fluctuating kinetic energy: FKE(t) and

enstrophy: @’ are presented in Fig. 13. Decay of the global kinetic energy is caused by the
above noted mechanisms. The steep decay at 2 ms signals that the blast wave has exited the
computational domain. The decay of the fluctuating kinetic energy is related to the energy
cascade of the turbulent flow. It is explained qualitatively by second and third terms on the right-
hand side of eq. (29), where in our simulation, u would represent an effective numerical

viscosity induced by the truncation terms in the Godunov algorithm.

4. Summary and Conclusions

1. Combustion occurs in thin flame sheets for the gaseous (TNT) combustion cloud, while a
distributed mode of combustion is observed in the two-phase (Al) combustion cloud.

2. Combustion is isobaric in these non-premixed systems.

3. The spherical cloud geometry is ideal for studying turbulence properties of combustion in
explosions. By using azimuthal averaging, one can extract all turbulence properties (mean
profiles, rms profiles, turbulence spectra, etc.) from a single numerical simulation. In the present
simulations the ensemble size was 10° samples per radial position; because of this large size, the
profiles are very smooth.

4. The so-evaluated Reynolds stress profiles were found to be dominated by the diagonal
components —thereby indicating that turbulence is isotropic in spherical mixing layers.
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5. Azimuthal averaging was also used to evaluate the evolution of the combustion zone in the
cloud. Combustion started at the fuel-air interface and spread throughout the cloud due to the
turbulent velocity field.

6. Due to compressibility effects, the velocity field contained both rotational and dilatational
components.

7. Initially all the kinetic energy resided in the radial (dilatation) velocity component. By 50 us ,
the fuel-air interface started to become unstable, and velocity fluctuations appeared. At that time,
most of the fluctuating kinetic energy resided in the dilatational velocity field. By 100 us , the

fluctuating kinetic energy had evolved into the rotational velocity field; thereafter, the dilational
kinetic energy was about 1 % of the rotational kinetic energy.

8. Kinetic energy of the blast wave decayed due to the pressure field.

9. The fluctuating (turbulent) kinetic energy decayed because of the enstrophy: ” and dilatation:
A’ fields.

10. The shape of the turbulence spectrum depends on the turbulent cascade process. In these
simulations we use an implicit large eddy simulation approach in which dissipation at the fine
scales is provided by the numerical dissipation in the second-order Godunov algorithm (see
Aspden et al. [33] for details).

Appendix A: Azimuthal Averaging

We take advantage of the point symmetry inherent in spherical blast waves and azimuthally
average the flow field to extract the mean and rms profiles from the numerical solution. Recall
that the flow field ®(x,y,z,¢) is computed and stored at cell-centered points P(x,y,z) on a

Eulerian grid. The points are transformed to points P(r,0,¢) on a corresponding spherical grid,
by the trigonometric formulas:

|r| =x*+y*+7° & O=arccos (z/|r|) & ¢=arctan(x/y) (AD)
We consider spherical shell volume 6V at radius R,
oV =| [ (R,dO)R,sin0dg)|6r = 4R} 5r (A2)

A shell thickness equal to the mesh size is assumed (dr =A). We denote computational cells
located within this shell volume by P (R, .0,¢) and the corresponding flow field values by

n?

D (R,,0,¢0,1). We then average the flow field at fixed R, to evaluate the mean field:

1
OoV(R))

: DR 7= _1x
Mean: O(R, 1) = [ ©(R,.6.¢,5)aV NE‘I’n (A3)
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The ensemble size: N = 4 (R, /A)*, is approximately 10’ , except near the origin (see Table Al).
Given the mean, one can then compute fluctuations about the mean:

E D, -D(R,.O  (Ad)

D'(R,,1)* =

n? no

oV (

and root-mean-squared (rms) fluctuations

rms: Q'(R,,1),,, = P'(R,,1)’ (A5)
These were used to construct the evolution of the mean and rms profiles of the combustion cloud.
We note in passing that this azimuthal-averaging technique was first used by Kuhl [36] to

analyze spherical mixing layers in TNT explosions.

Table Al. Ensemble size versus radius (A, =0.8 mm )

R, (cm) N =4m(R,/A)
1 2000
5 0.5%10°
10 2x10°
15 46x10°
20 8x10°

Appendix B: Global Kinetic Energy Equation for Viscous Compressible Flow

The compressible Navier-Stokes equations may be written in the form:
1
2
dpu+Vpuu=-Vp+uVv u+§;N(A) (B1)

where A=V-u=diu | Viu = div(grad(u)) , u represents the coefficient of viscosity and
assumes the Stokes hypothesis. Taking the inner product with u gives the compressible kinetic
energy equation:

3, pKE + VpKEu = —u-Vp+ uu- Vu + % uu-V(A) (B2)

where KE =u-u/2.Using vector calculus relations, one finds
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dilatation function: u-V(A)=-A>+V-(uA) (B3)
dissipation function: u-Vu=-0’-A*+V-(uA)+V-(uxw) (B4)

Inserting these into (B2), one finds the kinetic energy equation for compressible viscous flow:

d,0KE +V - pKEu = -u- Vp - uw’ -fMAz +
3
4 (BS)
u{V-(uxw)+ §V -(uA)}

Integrating over a spherical volume V(R) whose radius: R is greater than the spherical shock
radius: R(t), all divergence terms are zero. Thus we find the evolution equation for the global
(volume-averaged) kinetic energy:

ipKE = —u-Vp—;w?—iuP
dt 3 (B6)

Decompose the kinetic energy, based on the mean and fluctuating velocity components u, and u':
1 I— — ’ 1 [
KE=—uw'u=—u +uu'+—u'-u B7)
2 2 2

Integrating over the same control volume V gives:

1 1 2 1 1 ' ' 19
KE=— | —pu’dV+— | —pu'-u'dV =pKE,, + pFKE B8
P szp, szp OKE 4, +p (BS)
Decompose the fluctuating kinetic energy into rotational and dilatational components:

OFKE = é ) %pu'- u'dV = pKE , + pKE, (B9)»

— 11 , — 1Ll o
where pKE = v f 5 ou,-u, dV and pKE, = v f Epu » “u, dV . Thus the global kinetic energy

equation for compressible viscous flow may be written as:

" Since fu_,u’dV =0
%0 By orthogonality: fu'w-u‘A dV =0(see eqgs. 26 & 27)
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% OKE ,,, +% OKE, +% OKE, =-u-Vp-uw’ - g uh’ (B10)

This provides insight into the decay of turbulent kinetic energy in compressible viscous flows.
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Figure 1. Loci of thermodynamic states in the Le Chatelier plane of specific internal energy-temperature (
u-T plane): (a) reactants (air, PETN, TNT, Al) at frozen compositon, (b) stoichiometric products (PETN-air,

TNT-air, Al-air) in thermodynamic equibrium.
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(a) TNT-air (t =50 us) (d) Al-air (¢= 50 us)

Figure 2. Cross-sectional view of the temperature field of spherical combustion clouds: frame a-c illustrate TNT-air
combustion while frames d-f depict Al-air combustion (colors denote temperature — red: 3,000 < 7' < 4,000 K;
yellow: 7= 2,000 K; turquoise: T = 1,000 K).
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(a) flow field

(b) blow-up near front
|

Figure 3. Exothermic flame sheet in the TNT-air combustion field (¢ = 100 us).
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represents the no combustion case.
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Figure 6. Evolution of the mean and rms thermodynamic profiles in the TNT combustion cloud.
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(a) early-time growth
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Problem 5: Kelvin-Helmholtz Mixing Layers

SUMMARY

The dynamics of unconfined. spatially developing shear layers is studied through the numerical solutions of
the time-dependent Euler equations using a second-order Godunov scheme. The effects of density and
velocity variations between the two streams of the shear layer are studied and color graphics are used to show
more clearly the entrainment process of the surrounding streams. The calculations demonstrate that the
evolution of the mean flow is dominated by two-dimensional, inviscid effects. The r.m.s. fluctuating velocity
and density profiles are in good agreement with the measurements of Oster and Wygnanski and of Konrad,
except for the peak value of the v" profile.

1. INTRODUCTION

This paper presents the results of numerical simulations of unconfined, spatially
developing, two-dimensional unsteady shear layers in a constant ambient-pressure
environment. It has been known for more than a hundred years that the shear layer
generated by a splitter plate can be inviscidly unstable. The late-time consequence of
such flow instabilities is that the perturbed shear layers roll up into large-scale vortical
structures (Michel, 1932; Brown and Roshko, 1974); the latter work also demonstrate
that the largest-scale structures are essentially independent of the flow Reynolds
number (although micro-scale mixing within these structures is Reynolds-number

AL Kuhl, K.Y. Chien, R. E. Ferguson, H. M. Glaz, P. Colella, Inviscid dynamics of unstable shear layers,
RDA-TR-161604-006, August 1988, 94 pp.

2Ry, Chien, R. E. Ferguson, A. L. Kuhl, H. M. Glaz, P. Colella, Inviscid dynamics of two-dimensional shear
layers, Int. J. Computational Fluid Dynamics, 1995, 5 (1-2), p. 59-80.
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dependent). It also is known that the growth of the shear layer is governed by the pairing
mechanism of these vortical structures (Winant and Browand, 1974), a complex
non-linear dynamical process (Corcos and Sherman, 1984). Perturbations may occur
naturally or may be intentionally applied. Studies with applied upstream perturbations
indicate that vortex dynamics is basically inviscid (Ho and Huang, 1982; Oster and
Wygnanski, 1982).

Many shear layer computations involving discretizations of the Navier-Stokes
equations are available. These include results using finite-difference methods (Corcos
and Sherman, 1984; Mclnville et al., 1985; Davis and Moore, 1985), spectral methods
(Riley and Metcalfe, 1980), and vortex methods (Ashurst, 1979; Leonard, 1980;
Ghoniem et al., 1982). All of these calculations succeed in resolving small-scale
flowfield structures and are of high quality. However, modeling of the viscous terms
imposes computational inefficiencies due to the disparity between viscous and inviscid
length scales. One may either resolve the viscous length scales on a mesh and, hence, use
severely restricted time steps, or employ implicit time differencing and accept the
resulting numerical diffusion. The random vortex method (Chorin 1973, 1986) avoids
this problem at the expense of introducing a statistical error.

Due to advances in the development of high-order upwind methods for solving
conservation laws, it is now possible to compute high resolution, essentially non-diffusive
flowfields for the equations of inviscid gas dynamics. This approach is taken here to
simulate shear layer experiments with the objective of demonstrating that viscous
forces need not be taken into account in modeling the dynamics of shear layer flow-
fields. Such methods neglect molecular diffusion effects (i.e., diffusion of vorticity and
passive scalars across streamlines), so that the methodology may be viewed as an
asymptotically large Reynolds number approach. An advantage of using the gas
dynamic equations is that baroclinic generation of vorticity is automatically included.
The main disadvantage is that small Mach number calculations can be quite expensive;
this will be explained in more detail in Section 2.

Previous calculations along these lines have been reported by Grinstein et al. (1986),
using a flux-corrected transport code to solve the Euler equations, and by Inoue (1985),
using a vortex method to solve potential equations. Obviously, steady upstream
conditions will not produce any vortex formation using an Euler code. A fluctuating
inflow-pressure condition was implemented by Grinstein et al. (1986) by imposing
a zero-slope condition on the pressure at the inflow boundary. Therefore the pressure
perturbations are not prescribed; in fact, the quantitative values of these perturbations
are part of the solution. We chose to follow our previous work (Chien et al., 1987) by
imposing a given velocity perturbation at the inflow (upstream) boundary, with the
frequency content and relative amplitudes of the perturbations obtained from the
inviscid linear spatial instability calculations of Monkewitz and Huerre (1982). (More
details are given in Sec. 2.) In addition, quantitative r.m.s. fluctuating velocity results,
which require long computations for converged solutions, are not available in Grin-
stein et al. (1986). In fact, despite the large amount of computational efforts, detailed
quantitative mean and fluctuating flow calculations are quite meager; all of those
reported in the literature have been based on constant-density vortex methods
(Ashurst, 1979; Inoue, 1985; Inoue and Leonard, 1987, Ghoniem and Ng, 1987).
Recently, a variable-density vortex method has been presented by Soteriou et al.(1991);
however, no mean and fluctuating density profiles were reported by them. In fact, our
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paper is the only one, so far, that presents both such profiles and compares them with
the measurements of Brown and Roshko (1974) and Konrad (1977). Therefore, the
primary purpose of this paper is to present detailed quantitative results based on
a finite-difference solution of the Euler equations and to compare these solutions with
available experiments and other pertinent computations. The effects of both the density
ratio and the velocity ratio on the solutions are addressed in detail in the paper.

The numerical results presented here were obtained with an explicit second-order
Godunov scheme (Colella and Glaz, 1985). The non-diffusive, high resolution properties
of this scheme have been carefully demonstrated by a mesh refinement study combined
with a comprehensive comparison with other schemes (Woodward and Colella, 1984).
Its accuracy has been shown in a variety of applications (Colella et al., 1985; Glaz et al,
1985): in many situations, embedded shear layers become unstable, roll up, and interact
with the ambient flow as well as self-interact (Glowacki et al., 1986; Kuhl et al., 1987).
Thus, the present calculations also serve to validate the accuracy of the code in shear
layer regions, by direct qualitative and quantitative comparison with experimental data.

By design. our work is limited to unsteady calculations of two-dimensional shear
layers which are statistically steady (in the sense of time-averaging); as suggested by
Roshko (1981), a two-dimensional solution is valuable both as a gauge against which to
compare the real flows, and as a step in understanding them. Extension of the present
method to three-dimensional calculations using operator splitting is conceptually
feasible, but the computational resources required for such an effort is prohibitive at the
present time. Some of the results herein have been presented elsewhere in preliminary
versions of this work (Chien et al., 1988, 1989; Kuhl et al., 1990). In these earlier reports,
monitoring stations situated at three constant streamwise locations were used to store
the flowfield time histories for quantitative data analysis. Since the upstream condition
is known to have a strong eflect on the development of a free shear layer (Bradshaw,
1966), more monitoring stations are needed to study the rate at which the self-similarity
of the various mean and fluctuating profiles is attained. Nineteen monitoring stations
located at constant streamwise intervals throughout the region of interest have been
used in three new calculations to be presented in this study. Two of these calculations
correspond to the cases studied experimentally in detail by Brown and Roshko (1974)
and by Oster and Wygnanski (1982), respectively. The density ratio and the velocity
ratio for these two cases are both different. Since the development of a free shear layer is
known to depend on both of these ratios, a third calculation has also been carried out to
assess the effect of each parameter individually.

The formulation of our numerical simulations is described in Section 2. Results and
comparison with experimental data are presented in Section 3, where detailed quanti-
tative comparisons of mean and fluctuating flowfield profiles are offered (the numerical
data are obtained by statistically averaging the numerical solution over time intervals
which are long relative to the time scales of vortex formation and pairing). Our
conclusions are summarized in Section 4.

2. METHODOLOGY

Our computational models are based on the equations of inviscid gas dynamics,
thereby neglecting the molecular viscosity and heat conduction; the gravitational
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forces are also neglected. The equations may be written in conservation form for
a Cartesian geometry as

U, + F(U), + G(U), =0

where
P pu pv
2
U= pu _ F= pu-+p . G= pzuv ,
pu puv pv-+p
pE puE + up pvE 4+ vp

and p is the density, u = (u, v} is the velocity field in the Cartesian coordinates x = (x, y),
p is the pressure, E = e + 5 (u* + v?) is the total specific energy, and e is the specific
internal energy. We always assume a perfect gas with the equation-of-state

p=( —1pe,

where y = 1.4. The streamwise direction is always the positive x-axis.

The Eulerian second-order Godunov scheme (Colella and Glaz, 1985) is used to
solve these equations for given initial data and boundary conditions. This scheme is in
conservation form and explicit.

Dimensional operator splitting is used for two-dimensional calculations. A rect-
angular N x M mesh is specified by defining the zone interfaces x;,i=0,...,N and
¥;»j=0,..., M with zone sizes Ax; and Ay; where Ax; = x; —x;_and Ay;=y; — y;_,.
The flowfield quantities, averaged over a computational zone, are denoted by p;;, etc.
The time step is limited by the CFL stability criterion

Ax; Ay; )
(c;;+ |uij|)’ (c;; + |vij|)

At = omin; j<
where ¢ = (yp/p)'/? is the sound speed and ¢ < 1 is the Courant number. The value
o = 0.95 has been used in all calculations.

Such explicit methods are most appropriate for compressible flowfields. Small Mach
number flowfields may also be obtained, but at the cost of either very poor computa-
tional efficiency or violation of the Mach number similitude. For example, if the Mach
number M ~ 0.01 (which is typical of some of the experimental data used here), then it
would take approximately one hundred time steps to convect a fluid parcel through
one computational zone. To avoid this problem, the sound speed of the gas has been
modified for the computations so that typical flow Mach numbers would be of the
order M ~ 0.2. Of course, the density and velocity ratios across the shear layer are
preserved, but the Mach number similitude is violated. Since the compressibility effects
are negligible at these Mach numbers and we do not require temperature data for our
comparisons, this Mach number compromise is acceptable for the present study.

The dynamics of the interface separating the two fluid streams is of great importance
in shear layer studies. Consequently, an additional calculation was performed of
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a discretization of the material interface by marker particles, x,(t),k = 1,..., K(t) where
x,(t) denotes the location of the kth marker at time ¢ and K(t) is the total number of
markers present in the flowfield at time ¢. The time evolution of the markers was
governed by passive advection, i.e., dx,/dt = u(x,, t); this ordinary differential equation,
with the right-hand side given by the underlying computed velocity field, was solved by
straightforward finite differences and a linear interpolation for u. Initially, the interface
is represented by several thousand markers and new markers are inserted at the inflow
during every time step. Since the interface is unstable, it is expected that |x, — x, _ | can
become large; whenever this value exceeds twice the initial marker spacing, a new
marker is inserted at their midpoint. Marker points which exit the fine-grid region
(see below) are deleted. Finally, the condition K(¢) < 75,000 is imposed due to computer
time limitations; if the condition is violated, no further markers are inserted over the
last forty percent of the mesh in the streamwise direction.

The accuracy of this approach is a matter of some debate. Due to the underlying
physical instability, one is solving what amounts to a chaotic dynamical system in
current terminology. In particular, the exponential separation of orbits is expected,
which implies that the numerical orbit x,(¢) is not close to the actual physical orbit of
the initial marker after a time which is probably small relative to the total computation
time. However, this does not imply that the aggregate of the numerical orbits is not a good
representation of the aggregate of the physical orbits. Indeed, our results here (compari-
sons with contour plots and shadowgraphs from the experiments) suggest the contrary.

The calculations were performed on a two-dimensional Cartesian grid, see Figure 1.
A fine, uniformly-zoned region with Ax = Ay covering the domain D, = {(x,y):0 <
x < X, — Yp <y < Y,} straddles the centerline of the shear layer. An expanding grid
(above, below, and to the right of D) was used to place the mesh boundaries far from
the region of interest and thereby minimize any influence of the numerical boundary
condition on the dynamics of the free shear layer. For this study, we have used
Q. =500 x 80 and Q; = 520 x 114, where Q, and Q; refer to the grids in the fine and
total mesh regions, respectively.

The initial data was determined using a Tanh(y) profile to model the shear layer. Hence

u(x,y,tzo):f(J’)

v(x,y,t=0)=0
where
f(y)=U,[1+ ATanh(2y/6)]
and
o _WUitUy) (U —Uy)
o 2 ’ (U, +U,)

Here U, and U, denote the free stream velocity at y = + oo, respectively; U, is the
mean flow velocity; A is the shear parameter and ¢ is the maximum slope thickness of
thelayer,ie.,d = (U, — U,)/(du/dy),.,. If the free stream densities are different, we have

p(xay,t =0) - h()’)
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where
h(y) = p,[1+ 4, Tanh(2y/d)]

0 =(p1+p2) q :(Pl_pz)
" 27 7 (py+p)

where p, p, are the free stream densities at y = + oo, respectively; p,, is the mean shear
layer density and A, is the density shear parameter. Note that the same J is used as the
length scale for the density distribution.

The left inflow boundary data are determined from

u(0,y,t) = f(y)-g(t)

v(0,y,t)=0

p(0, y,t) = h(y)

where
N

gity=1+ ) ¢,sin(w,t)
n=1

The perturbation frequencies w, and amplitudes ¢, have been taken from the linear

stability analysis for Tanh(y) shear layer profiles (Monkewitz and Huerre, 1982):

w,=0438, w,=w,/n, n=1,...,N,
£, =001, & =0.75,, £,=055,, & =044,
¢, =17¢;/n for n=5.

Note that the maximum perturbation amplitude is one percent and w, is twice the
value given by Monkewitzand Huerre (1982) because our reference length scale is twice
theirs (see below).

Numerical implementation of the boundary conditions is straightforward (Colella
and Glaz, 1985) for free shear layers. Dirichlet data is imposed on the upstream side
(using the equations above) as well as the top and bottom sides (using free stream
values) and an outflow boundary condition is used on the downstream side.

The length has been normalized by d/2 and we choose Ax = Ay = 1 in the fine zone
region; i.e., Xy =500 and Y, =40. Also, Xz =8800 and Y, = 1500 (see Fig. 1 for
definitions of X, X, Y and Y, ); it may be noted how rapidly the grid expands from
the fine mesh to cover the total computational domain. Despite the excellent agreement
with the experiment, it would be of great interest to perform a mesh refinement study
and re-analyze the detailed flowfield structures. With the code used here, this is
currently beyond the limits of our computer resources.

The physical parameters defining the simulations are summarized in Table 1. The
parameter r is defined by r = U,/U, while M|, M, and M, refer to the Mach numbers
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Figure 1 Schematic of the free shear layer calculations: (a) computational grid; (b) Tanh (y) streamwise
velocity profile and (c) density profile.

Table 1 Test case parameters

Case U, U, r A P4 P> 4, M, M, M,
I 1.45 0.55 0.38 0.45 1.0 7.0 —0.75 0.29 0.29 0.40
I 1.45 0.55 0.38 0.45 7.0 1.0 0.75 0.77 0.11 0.40
11 1.25 0.75 0.60 0.25 1.0 1.0 0 0.25 0.15 0.20
v 1.45 0.55 0.38 0.45 1.0 1.0 0 0.29 0.11 0.20

of the top stream, bottom stream, and the mean flow, respectively. In all the calcula-
tions, U,, = 1.0 (i.e., the velocities are normalized by U,,), the density is normalized
by the lower ambient density and p = p, = p, = 17.86; if p = 1, then this choice implies
that the sound speed ¢ = 5.0 and M,, =0.2.

3. RESULTS AND DISCUSSIONS

A typical shear layer contains a wide spectrum of pertubation frequencies and the
mixing width of the layer continues to grow with increasing distance. The numerical
simulation of one such experiment (Brown and Rosko, 1974) is described here in detail.
Additionally, the calculations are continued so as to provide data for a statistical
analysis of the mean and fluctuating flowfield quantities of the solution, and these are
compared with experimental data. This analysis is repeated for three other simula-
tions—one using the same initial conditions as in the above experiment but with the
density ratio inverted (Brown and Roshko, 1974), and two more referring to an
experiment (Oster and Wygnanski, 1982) with equal density freestreams. The flow
parameters for all four cases are listed in Table 1.

The calculation for Case I began by exciting only the fundamental frequency for 1000
time steps. At this point, the first nine subharmonics w,, w,, ..., ®,, were included in
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the inflow boundary perturbation and retained for the remainder of the calculation. All
ten modes were used from the beginning for Cases III and IV. We computed a total of
20,000 time steps for Case I, 30,000 steps for Case I1I and 26,000 steps for Case IV. The
Case II flowfield was initialized using the results of the Case I computation at time
t = 2579.0 at which point the Tanh(y) profile for the density was inverted and the new
calculation commenced. A total of 14,000 time steps were computed for Case II
(although ~ 2000 steps were required for the influence of the initialization procedure to
exit the computational mesh). Each time step took about 4 seconds on the LANL
CRAY XMP computer.

The dynamic evolution of the Case 1 flowfield was discussed in Kuhl ez al. (1990)
using material interface plots. For brevity, one such plot is shown in Figure 2a. This
material interface plot actually represents unconnected dots placed at the marker
particle locations. The initial interface contained 5,000 equally spaced markers. This
number rapidly increased to the imposed maximum of 75,000 during the course of the
calculation, which implies that the length of the interface (insofar as this definition
remains meaningful) increased by a factor greater than 15 during the course of the
calculation. We note that in the experiment the upper gas was helium and the lower gas
was nitrogen,; this terminology is used below for convenience.

For comparison with this calculated interface, Figure 2b presents a shadowgraph
picture of the helium-nitrogen interface recorded by an experiment (Brown and
Roshko, 1974, Fig. 3d). The similarities between the calculated and experimental
interface are remarkable. The shape and wavelength of the large-scale structures are
quite similar.

Also included in Figure 2 are the corresponding density, vorticity and overpressure
contours. The shape of the large structures, as deduced from the density contours,
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Figure 2 Flowfield for Case [: (a) material interface; (b) shadowgraph from the experiment; (c) density
contours; (d) vorticity contours {solid lines denote negative values); and (e) overpressure contours (solid lines
denote positive values).
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agrees with the material interface shape, indicating little numerical diffusion. It is
interesting to note that vorticity is created near the braid regions and entrained into the
structures. Approximately circular low pressure regions are found in each large
structure, which generate radial pressure gradients. As the helium-nitrogen interface is
entrained obliquely through this pressure gradients, vorticity is generated by the
baroclinicmechanism. The maximum value of this vorticity reaches about minus
one-half of the inflow vorticity; hence, it must have an effect on the flow. Indeed, close
inspection of the material interface reveals some smaller-scale vortices rotating in the
counterclockwise direction. This causes the merging patterns to be considerably more
complex and less regular than the other cases discussed later.

Figure 3 depicts the corresponding flowfield near the centerline (i.e., y = 0.5). Large
fluctuations are evident in the velocity, density and dynamic pressure. In fact, densities
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Figure 3 Flowfield along the centerline (i.e., y = 0.5 = 0.5Ay) corresponding to Figure 2.
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corresponding to pure helium and to pure nitrogen are seen near the centerline; similarly,
the velocity fluctuates between values corresponding to approximately U, and to U,.
Overpressure fluctuations are small (between + 1.5 to — 4.0 percent of ambient), which
validates the use of the Mach number compromise (0.29 < M < 0.4) for this calculation.

To gain some insight into the entrainment process, the density and vorticity contours
for Case I are shown in color in Figure 4, where the light fluid is colored blue and the
heavy fluid red. In agreement with Grinstein et al.(1986), the density color visualization
shows clearly that more high-speed (light) fluid is entrained into the shear layer than
low-speed fluid. The vorticity color visualization shows the formation and growth of
the large-scale vortical structures more clearly than the contours shown in Figure 2d.
The baroclinic generation of vorticity (due to density and pressure gradients not being
parallel), shown in blue, and the vorticity due to the velocity gradients, shown in red, are
vividly seen.

The material interface plots of the first three cases are compared in Figure 5. One
notes immediately that the large-scale structures of Case Il are considerably less
complex than those of Case I. The visual agreement between these plots and the
shadowgraphs of the experiments is remarkable. The large-scale dynamics of the Case
I11 equal-density layer is much more straightforward, since relatively little small-scale
entrainment and interleaving of the two streams is apparent in the vortical structures.
In Figure 6, the calculated visual spreading rates d,;, are compared with the experimen-
tal data (Brown and Roshko, 1974, Fig. 7). The bars over the calculated results
represent the variation in the visual spreading rate over time and the straight lines are
suggested by Brown and Roshko (1974). We should note that the straight lines are used
here purely as a simple visual guide, and a more involved formula has been proposed by
Dimotakis (1989). In Figure 6 we see that the present calculations are in reasonably
good agreement with the experimental data. Other measures of the spreading rates
based on the mean velocity profiles will be presented later.

In order to implement our statistical analysis, monitoring stations were used to store
the flowfield time histories. Each station consists of 82 positions in the fine zone region

VORTICITY

Figure 4 Vorticity and density color visualizations for Case I. See Color Plate IIL
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Figure 5 Material interface plots comparing the spreading shear layer cases: (a), (b) Case 1, (c), (d) Case 11, (€)
Case 111. Figures (b),(d) are photographs of the experimental record (Brown and Roshko 1974).
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Figure 6 Visual spreading rate, 0, vs. 4, for the spreading shear layer cases.

of the mesh across the shear layer. Except for Case II, nineteen stations located at
constant intervals between x = 25 and x = 475 were employed. These flowfield histories
were then integrated over the last 10,000 time steps to establish the various time-
averaged shear layer profiles. For Case II, three stations located at x = 100, 200 and 400
were employed and only the last 6000 time steps were available at all the 246 positions
for the time integration. One reason for not conducting an equally elaborate study for
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Figure 7 Mean velocity and density profiles for Case I.

Case II is because the mixing is less vigorous than in Case I and hence it is less
interesting. In addition, no experimental fluctuating data are available for Case II for
comparison; 6000 time steps are adequate to establish mean profiles. Several measures
of the spreading rate of the shear layer based on these time-averaged mean velocity
profiles have been calculated in the present study. Following previous investigators
(Liepmann and Laufer, 1947; Oster and Wygnanski, 1982; Inoue and Leonard, 1987),
we introduce the notation y, to denote the location at which the mean streamwise
velocity component # reaches the value given by

a:UZ +p(U1_U2)

Of particular interest are the quantities y, s and b(= y, 95 — ¥o.;)- Their values at all the
19 stations have been computed for Cases 1, III and IV; they exhibit good linear
behavior over the last 15 stations. A least-squares linear fit over these data allows us to
compute the slope and the corresponding location of the virtual origin x,. We have also
calculated the momentum thickness (for a constant-density flow)

gzr‘ U -a—Us)

e (U —Uy)

for the same cases and obtained the slope and the corresponding x, by the same
procedure. The values of db/dx, d/dx and dy, ;/dx are listed in Table 2 together with
the experimental data of Oster and Wygnanski (1982) and the computed values of
Inoue and Leonard (1987). Several conclusions may be drawn from Table 2.
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Table 2 Comparison of various spreading rates

Source A A, db/dx d0/dx dy, s/dx
Oster and Wygnanski 0.25 0 0.045 0.009 —0.004
Inoue and Leonard 0.25 0 0.049 0.010 —0.006
This study 0.25 0 0.050 0.010 —0.006
Oster and Wygnanski* 045 0 0.084 0016 —0.018
This study 0.45 0 0.081 0.016 —0.016
This study 045 —075 0.089 0015 0.027

* Interpolated values.

First af all, for constant-density cases, the present finite-difference results agree well
with the experimental data and the solution via a vortex method, indicating the
reliability of the present approach. Secondly, the growth rate of the shear layer (as
measured by either db /dx or d /dx) and the slope of its center line (dy, s/dx)increasein
magnitude with increasing 4. One may note that the growth rate based on visual data
(as in Fig. 6) is more sensitive to density variations than db/dx. More surprising is the
failure of df/dx to indicate even the trend of this density effect. For variable-density
flows, the momentum thickness should be modified such that

0/ — J\\ p(Ul - u)(u - UZ) dy

e BBl — Uz)z
and our calculations give df//dx = 0.006 for Case [, a value which is two and a half times
smaller than the corresponding value for the constant-density Case 1V. This may be
explained as follows. As the density of the high-velocity fluid is reduced, the average
velocity of this particle and a heavier low-velocity particle will be lower than the
average velocity of these two particles at constant density. Therefore, the center line of
this shear layer moves toward the high-velocity side relative to the corresponding
constant-density flow. For Case I, p, = 7p,, and the density reduction on the high-
velocity side is sufficient to yield dy, ;/dx > 0. The region over which the product
(U, —u)(@— U,) is the largest occurs now where p/pm<«1, therefore producing
a smaller value of # than the corresponding constant-density case (i.e., ). Since
0=60 =0.5at x=0, it is easy to see that d0’/dx < d0/dx. Consequently, we conclude
that the slope of the momentum thickness is not indicative of the extent of mixing in
a variable-density shear layer.
To compare the time-averaged profiles at different stations, a scaling variable

n=y/(x—x,

will be used, with the virtual origin, x,, determined from the least-squares linear fit of
b for Cases L, I1I and 1V. Since only three stations are available for Case II, a reliable
curve fit cannot be obtained. Therefore, x, determined from the material interface plots
is used for that case. The results are: x, = 13.5, —42.0,31.0and — 2.0 for Cases L, I, III
and IV, respectively.
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The development of the mean velocity and density profiles for Case 1 are shown in
Figure 7. It is clear that the profiles do approach an asymptotic, similar shape as x is
increased, and the above scaling helps to collapse the data. In fact, these figures indicate
that the profiles at x/0, = 300 are not far from the asymptotic ones (0; is the initial
momentum thickness, 6, = 0.5). The development of the mean velocity profiles for
Cases 111 and IV is shown in Figures 8 and 9, respectively. It appears that, for these
constant-density flows, the above scaling again helps to collapse the data; the mean
profiles are somewhat less complicated and the profile at x/6; = 200 is not far from the
asymptotic distribution.

The mean velocity and density profiles at selected stations for Cases I, Il and IIT are
compared to the mean profiles measured by Brown and Roshko (1974, Figs. 13b and ¢}
and Oster and Wygnanski (1982, Fig. 6d) in Figures 10-12. The calculated profiles are
seen to agree reasonably well with the measured profiles. The best agreement between
measurements and .calculations is for the simpler, constant-density flow
(Case III).

We have also computed the r.m.s. time averages about the mean values. The

development of the fluctuating r.m.s. quantities ’,v', p" and shear stress (—u'v) for
Cases I, I1I and 1V are shown in Figures 13—15. We start by considering the simplest,
constant-density, low shear case shown in Figure 13 (Case III). The fluctuating velocity
profiles are seen to evolve from low intensities to much higher, well-developed
distributions, and the lengths for these fluctuating profiles to reach their asymptotic
states are longer than that for the mean velocity profiles. Over the development region,
the u’ profiles sometimes show the double-peaked shape similar to that occurring in the
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Figure 8 Mean velocity profile for Case III.
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Figure 9 Mean velocity profile for Case 1V.
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Figure 10 Mean velocity and density profiles for Case [; the shaded regions denote the experimental data
band of Brown and Roshko (1974).
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Figure 11 Mean velocity and density profiles for Case 1I; the shaded regions denote the experimental data
band of Brown and Roshko (1974).

Region II of a forced shear layer studied by Oster and Wygnanski (1982, Figs. 20 and
21), but the v’ profiles remain essentially bell-shaped. Note that the development of the
shear stress 1s less orderly than either «’ or v/, with perhaps a longer developmental
length. Note also that the fluctuating profiles are not as converged as the mean profiles
shown in Figure 8.

The corresponding profiles for higher shear (Case IV) are shown in Figure 14.
Comparing to the lower shear case, the fluctuating profiles extend to laterally to
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for Case II1; the shaded region denotes the experimental data band of
Oster and Wygnanski (1982).
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Figure 13 Time-averaged fluctuating-flow profiles for Case III: (a) streamwise velocity; (b) transverse

velocity; (c) shear stress.

a greater distance, as was observed experimentally (Oster and Wygnanski, 1982) and, in
agreement with stability theory (Monkewitz and Huerre, 1982), the rate of amplifica-

tion of the first few profiles
converge at an even slower
cases are qualitatively simil

increases with higher shear. The shear stress distributions
rate, but the overall trends of these two constant-density
ar.
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Figure 14 Time-averaged fluctuating-flow profiles for Case IV: (a) streamwise velocity; (b) transverse
velocity; (¢) shear stress.

When the densities of the two freestreams are not equal, the fluctuating profiles
become more complicated. The ', v/, shear stress and p’ distributions for Case I are
shown in Figure 15. Comparing to the corresponding constant-density results shown
in Figure 14, we see that u' has multiple peaks and appears less converged. The
locations of the peak u’' and v’ values are now at n > 0, consistent with the result
dy, s/dx >0 shown in Table 2. At some stations, the shear stress may become negative

(u'v' > 0), suggesting again the type of behavior observed in region II of a forced shear
layer (Oster and Wygnanski, 1982, Figs. 25, 26). Since a negative shear stress is not
observed in Figure 14, a non-uniform density may also have some effect. The shear
stress distributions at the last three stations show multiple peaks and are far from being
asymptotic. Unlike the shear stress, the fluctuating density profiles are seen to evolve
rather quickly to an asymptotic distribution, with the final, slowest adjustment
occurring only near the edges of the shear layer.

The peak values of ', v/, p’ and shear stress for Cases I, III and IV are plotted as
functions of x/6, in Figure 16. They all show a rapid initial growth at small values of x.
Foru',v" and p’ thisis followed by a more gradual climb to the asymptotic values. There
are oscillations in all the results, and they are more pronounced at the peak shear stress
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Figure 15 Time-averaged fluctuating-flow profiles for Case I: (a) streamwise velocity; (b) transverse
velocity; (c) shear stress; (d) density.

values than in others. If randomness of amplitudes, frequencies or relative phase angles
are introduced in the perturbations at the upstream boundary, vortex pairing locations
will be less deterministic and these oscillations of the peak values may be reduced. Even
though the present mesh distribution is adequate to capture the asymptotic distribu-
tion of the mean velocity and density, perhaps a longer fine-zone computational
distance in the flow direction is needed to study the asymptotic development of the
shear stress distribution, especially for the higher shear, variable density case.

For constant density flows, Oster and Wygnanski (1982) found experimentally that
the peak value of «’ (normalized by the velocity difference across the shear layer as was
done here) in the asymptotic region was approximately constant for velocity ratios
(r=U,/U,) between 0.3 and 0.6. As shown in Figure 16, the weak dependence of the
asymptotic peak value on the velocity ratio is predicted here not only for «/, but also for
v'. In addition, the present calculations show that the peak values of u" and v" are also
insensitive to the density ratio; no measurements are available for comparison. The
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Figure 16 Peak r.m.s. values: (a) streamwise velocity; (b) transverse velocity; (c) shear stress; (d) density.

oscillatory behavior of the peak shear stress, especially for higher shear cases, precludes
any definitive conclusion.

The fluctuating velocity profiles at selected stations for Case III are compared in
Figure 17 to the measurements of Oster and Wygnanski (1982) and the calculations
of Inoue and Leonard (1987). The present u’ and shear stress results are reasonably
close to the data, but the peak value of v is about twice the measured value. It is
interesting to note that, in a single-stream shear layer (r = 0) with initially laminar
condition, Bradshaw (1966) reported a peak v’ value almost twice its fully-developed
asymptotic value. This overshoot was seen to occur in the early region where the flow is
presumably more two-dimensional. This observation, together with the close agree-
ment shown in Figure 17 between the present calculations and the two-dimensional
results of Inoue and Leonard (1987), based on an entirely different numerical method
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Figure 17 Time-averaged fluctuating-flow profiles for Case III: (a) streamwise velocity; (b) transverse
velocity; (c) shear stress. The shaded regions denote the data of Oster and Wygnanski(1982). The dashed lines
represent the profiles calculated with a 2D vortex dynamics code (Inoue and Leonard 1987).

with different initial and boundary conditions, suggests that the large difference
between the predicted and measured v’ profiles may be the result of the two-dimen-
sional flow approximation used in the numerical simulations. Similar conclusions
based on forced shear layer studies have been previously reached by Inoue and
Leonard (1987) and by Ghoniem and Ng (1987).

No measurements of the fluctuating velocity profiles for variable density cases are
available for comparison. Konrad (1977), however, has measured the density fluctua-
tions for Case I: his data is seen to be in strong agreement with our calculations, shown
in Figure 18.

4. CONCLUSIONS
Numerical simulations of the dynamics of two-dimensional shear layers have been
carried out using an explicit second-order Godunov scheme. Quantitative results have

been obtained by statistically averaging the numerical solutions over long time
intervals and have been compared with the available experimental data and theoretical
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Figure 18 Time-averaged fluctuating density profiles for Case I. The shaded region denotes the experi-
mental data band of Konrad (1977).

calculations. Consistent with the experiments of Brown and Roshko (1974), the present
study shows that the spreading rate is higher when the density of the high-speed fluid is
reduced relative to that of the low-speed fluid. In addition, the slope of the momentum
thickness is not indicative of the extent of mixing in a variable-density shear layer.

Furthermore, this study shows that the mean velocity and density profiles indeed
approach an asymptotic, similar shape, and the developmental length is increased
when the density of the high-speed fluid is reduced. The time-averaged fluctuating flow
profiles approach their asymptotic states more slowly than the mean profiles. Con-
sistent with the experimental finding of Oster and Wygnanski (1982), the peak value of
v’ in the asymptotic region is insensitive to the velocity ratio. In addition, the present
calculations show that this is also true for v" and the peak values of 4" and v’ are also
insensitive to the density ratio.

In conclusion, this study demonstrates that present inviscid simulations capture
reasonably well the essential features of the flowfield. Therefore the study also suggests
that the mean-flow evolution of shear layers is dominated by inviscid effects. Accurate
predictions of the mean velocity, mean density, r.m.s. «, shear stress and the fluctuating
density profiles can be obtained by a two-dimensional flow simulation. However, to
improve the accuracy of the r.m.s. v’ profiles, a three-dimensional calculation is required.
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6.1 Dusty Boundary Layer behind a Shock®
Abstract

A direct numerical simulation was made of the turbulent boundary layer formed by a
planar shock propagating along a dusty wall. It differs from previous studies in two
respects: (1) it follows the dynamic evolution of the unstable flow without resorting
to turbulence modeling; (2) the entrainment of dust into the turbulent boundary layer
is included as a part of the computational flow field, thus eliminating the need for a
dust scouring model. The calculated mean-flow profiles, boundary layer growth and
dust-scouring rate agree with shock tube measurements. In contrast with clean
boundary layers, the turbulent fluctuations near the wall were larger than the mean
values, as a consequence of the dust mass.

1. Introduction

Dusty boundary layers are a common feature of shock interactions with realistic surfaces-
for example: explosions over soil or ground surfaces, shock wave propagation in coal mines, and
industrial dust explosions. Direct theoretical predictions of such flow fields are extremely
difficult because of the two-phase turbulent nature of the flow. In addition, wall boundary
conditions (e.g.. dust scouring) are particularly intractable. Hence, many of the initial studies
[1,2] were empirically based. Hartenbaum [2] measured the mean boundary layer profiles for
steady flow over a dust bed, and deduced an empirical dust-scouring rate for flow velocities of
30 to 120 m/s. More recently, Batt et al. [3] have measured the velocity and density profiles in
the turbulent boundary layer behind a shock propagating along a dust bed. However, such non-
steady experiments can give only instantaneous point values at various distances behind the
shock; mean-flow profiles and R.M.S. fluctuations cannot be obtained from such data.

Mirels* has published analytic solutions for this problem, but he assumed the boundary
layer profiles. Others have performed finite difference simulations: however, they used an
empirical mass injection boundary condition on the wall and a K —&model of the turbulence
[5,6]. Since these models were developed for clean flow, and since the dust dramatically
modifies the boundary layer, the adequacy of this approach is questionable.

* Kuhl, A. L., Chien, K-Y., Ferguson, R. E., Collins, J. P., Glaz, H. M., & Colella, P. (1989) Simulation of a
turbulent dusty boundary layer behind a shock. In Proceedings of the Seventeenth Int. Symposium of Shock Waves
and Shock Tubes, Lehigh University, Bethlehem, PA, 17-21 July. Published in Current Topics in Shock Waves
(ed. Y. W. Kim), AIP Conference Proceedings 208, American Institute of Physics, New York, NY, pp. 762-769,
1990 (ISBN 0-88318-776-0) Also published as RDA-TR-0263229004-001, R & D Associates, Los Angeles, CA.
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This paper describes a direct numerical simulation of the turbulent boundary layer formed
by a planar shock propagating along a dusty wall. It differs from previous studies in two
respects: first. it follows the dynamic evolution of the unstable flow without resorting to
turbulence modeling; second, the entrainment of dust into the turbulent boundary layer is
included as part of the computational flow field, thus eliminating the need for a "dust scouring"
model. The formulation of the calculation is described in the next section; this is followed by the
results and a discussion that offers suggestions for accurate simulations of such dusty, turbulent
flows.

2. Formulation

Figure 1 depicts a planar shock propagating with constant velocity W, along a dusty wall.

In stationary coordinates (Fig. 1a), a boundary layer is formed behind the shock because of the
no-slip condition on the wall. In addition, air percolates into the dust layer, forming a fluidized
mixture of dust and air. For simplicity, the mixture was treated as a dense gas of 50 mg/cc, as
inferred from experiments [3]. The specific case considered was that of an M = 1. 7 shock; the

gasdynamic states behind the shock (normalized by the ambient conditions, state 1) are listed in
Table 1. As in previous analytic studies [7], the analysis was performed in shock-fixed
coordinates, (Fig. 1b). In this coordinate system, the velocities vary from the value at the edge of
the boundary layer, u, = W, —u, , to a maximum value on the wall, u, =W, .

The computational grid consisted of 500 fine cells in the x direction and 60 fine cells in
the y direction; a few coarse zones were used above and to the right of the fine mesh to remove
any effects of the computational boundaries. The grid was initialized with the appropriate states
from Table 1 and the profiles depicted in Figure lc. The shear layer on the wall was
approximated by a Tanh(y) function with proper asymptotes of u/a,=1.7 at y = 0 and
u/a, =0.77 aty = o . The density profile consisted of a three-cell-thick fluidized bed (53 mg/cc)
with shocked air above it. Note that the inflection point (IP) of the shear layer was located in the
air, three cells above the fluidized bed (FB). The left-hand boundary of the grid was then driven
by these same profiles (Fig. Ic) with sinusoidal perturbations on the velocity field. Their
frequencies corresponded to the frequency of maximum amplification rate from linear stability
analysis and its first nine sub-harmonics. The maximum perturbation amplitude was 1 percent. A
more complete description of this calculational approach may be found in Kuhl et al. [8].

The dynamic evolution of the flow field was calculated by means of the high-order
Godunov scheme of Colella and Glaz [9] that solves the two-dimensional (2-D), non-steady
equations of gasdynamics. Since molecular transport effects are neglected, this approach
represents a large-Reynolds-number approximation to the dynamics of the flow. (Note that the
viscous no-slip condition on the wall is imposed in the in-flow boundary condition of the
calculation.) The dust was assumed to be in velocity and temperature equilibrium with the air;
thus the entire mixture was modeled as a perfect gas with a constant ratio of specific heats,
y=1.4. This "dense gas" (DG) model represents an equilibrium approximation that focuses on
the inertia effects of the dust. The calculation was run for 6,000 cycles (~6 hours) on a Cray-
XMP to create a sufficient database for statistical analysis of the flow.
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3. Results

Figure 2 depicts the location of the material interface of the fluidized bed. Figure 3
presents the density (o), internal energy (e), vorticity (w ), and pressure (p) contours near the

end of the fine-zoned grid. These figures are useful for flow visualization in the boundary layer
region. The shear layer in the air rolled up into large rotational structures that entrained material
from the fluidized bed. Dense material from the fluidized bed formed long striations because of
the flow field of the rotational structures of the turbulent boundary layer. Thus, the dust scouring
occurred naturally in the calculation without any modeling.

Figure 4 depicts the boundary layer thickness & (i.e., the height of the 99" percentile
point of the mean velocity profile) as a function of distance behind the shock. The dusty
boundary layer grows linearly with distance: 6 =0.24x , as a result of entrainment and merging
of large-scale vortices. Note that this is in contrast to the clean boundary layer on a flat plate,

which grows as the 0.8 power of distance from the leading edge: & o« x*.

The instantaneous flow field at the top of the fluidized bed (y =y, ) is presented in Figure

5. The flow is clearly very chaotic—hence, useful representations of the flow require some type
of averaging. To that end, the calculated environment was sampled for all y-cells at stations x =
400. 600. 800, and 950 for each computational cycle. The mean-flow environment was then
calculated from these station histories by integrating over the last 5,000 cycles.

The calculated mean density profiles are depicted in Figure 6a. The profiles become
thicker with increasing distance from the shock because of turbulent convection. Near the wall
all profiles converge to a density of about p/p, =6 (~ 17 mg/cc). This convergence point

defines the calculated height of the fluidized bed: y, = 3.5 cells. Only the flow field above Y,

was used in the boundary layer profiles; the solution below y, was then considered to be part of

the computational modeling of the dust scouring. Note that these calculated profiles are
qualitatively similar to the measured dust density profiles [3] shown in Figure 6b.

The mean-flow velocity: @ /U, , specific volume: A /A, , and dynamic pressure: g /Q,
profiles are depicted in Figure 7 (subscript oo denotes the freestream conditions above the
boundary layer). Note that by using the boundary layer scaling 17, =(y-Y,)/8, the calculated
profiles collapse to a similarity profile, independent of distance behind the shock. Note also that
the calculated profiles are consistent with the LDV and X-ray measurements (shaded regions in
Fig. 7) over a soil bed of 10- um diameter loose dust (Batt et al. [3]). Near the wall, densities

approach five to six times the free-stream value. This causes the velocities in the wall region to
be small (# /U, < 0.1). Hence, the velocity profile in the wall region seems to be dominated by

inertia effects of the dust, and not by fluid viscosity. Note that this situation differs considerably
from that of a turbulent boundary layer on a flat plate—where u /U_ = 0.5 in the law-of-the-wall

region, and viscous effects play an important role. Using a control volume analysis of the fine-
grid region (with a bottom boundary at y,) and the mean-flow profiles, the non-dimensional

mass scouring rate was evaluated as 1,/ p, U, =0.036 .
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The root-mean-square (R.M.S.) fluctuations about the mean were also evaluated. These
fluctuating-flow profiles are presented in Figure 8. The streamwise: u'/U_ and transverse:

v' /U, velocity fluctuations peak at about 30 and 13 percent, respectively, and extend many
boundary layer thicknesses from the wall. Thus, dust will be transported well above the mean

boundary layer height. The turbulent Reynolds stress: uv' /U 2 peaked at about -0.003, similar to
other boundary layers. Density fluctuations: p'/ p, peaked at about six times the freestream

value because of turbulent entrainment of dense material from the fluidized bed. The static:
p'/ P, and dynamic q'/Q, pressure fluctuations peaked at about 17 and 42 percent, respectively.

The local fluctuation-intensity profiles are presented in Figure 9. In constrast with clean
boundary layers, turbulent velocity fluctuations were much larger than their mean values (e.g.,
u'/u>>1and v'/v >>10 ) because u is so small in the wall region. Hence, the fluctuations are
the most important component of the flow. This seems to pose severe challenges for both
experimentalists and turbulence modelers.

A high-order Godunov scheme has also been developed [10] for non-equilibrium gas-
dust mixtures. This solves the conservation of mass. momentum and energy for each phase, with
drag and heat transfer interactions between phases. A non-equilibrium calculation of the dusty
boundary layer behind a shock was run assuming very fine (0.1 um diameter) dust particles. The
non-equilibrium mixture results (NE) are depicted by dashed curves in Figures 7 and 8. Both the
mean and the R.M.S. profiles are essentially identical to the dense gas results. Surprisingly then,
the dense gas approximation is quite an accurate model for this two-phase flow problem.

4. Discussion and Conclusions

Dust lofting behind a shock can be viewed as a two-step process: (i) the formation of a
fluidized bed, (ii) followed by entrainment of the dense material from the bed by the rotational
structures of the turbulent boundary layer. The principal effect of the dust is to change the
velocity of the flow. In the wall region, mean-flow velocities are small because dust densities are
large. Also, turbulent velocity fluctuations in the wall region are much larger than the mean
values due to this same effect.

The present calculations focus on the two most important physical processes in the
turbulent boundary layer, namely, the non-steady velocity field of the large rotational structures,
and the inertia effects of the dust. An accurate numerical simulation of these processes allows
one to capture the first-order physical effects. For example, the velocity and density profiles, the
dust scouring rate, and the boundary layer growth agree with the available data [3].By inference
then, non-equilibrium effects, fluid viscosity and three-dimensionality must have a secondary
effect on the mean flow. Nevertheless, experimental data are needed to check the accuracy of the
calculated R.M.S fluctuations.

This calculation vividly demonstrates the advantage of working in shock-fixed
coordinates where the smooth or laminar solution is steady. By performing a non-steady
calculation in these coordinates, one can not only capture the rotational structures of the
turbulent flow, but also record time histories at fixed distances behind the shock. These can be
used to determine both the mean and fluctuating flow profiles without resorting to turbulence
modeling—the main limitation being the 2-D flow approximation. This approach represents a
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significant advance over previous approaches that must assume turbulence properties —which are
of course unknown for this dusty boundary layer flow.
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Table 1. Flow Field States (M, =1.7,y=14)

FLOW FIELD
COORDINATES p/p plp ele, ala ula, ula
STATIONARY
State 1 1 1 1 1 0 0
State 2 32 22 146 121 0.94 0.77
SHOCK-FIXED
Edge (y =) 32 22 1.46 121 0.77 0.64
FB(O0=y<y, 32 44 0.0727  0.270 1.7 6.3
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6.2 Dense Gas Mixing Layer*

Abstract

Described here are experiments and calculations of the interaction of a planar shock
with a dense-gas layer located on the floor of the shock tube test section. The shock
front deposited vorticity in the layer by the baroclinic mechanism. The wall shear
layer was unstable and rapidly evolved into a turbulent boundary layer with a wide
spectrum of mixing scales. Density effects dominated the dynamics in the wall
region.

1. Introduction

Shock interactions with density discontinuities provide a rich source of fluid-dynamic
phenomena. For example, normal shock interactions with planar density interfaces lead to
instabilities and turbulent mixing at the interface, as studied by Richtmyer [6] and Meshkov [5].
Planar shock interactions with inclined density interfaces lead to a spectrum of shock refraction
effects as shown in the shock tube experiments of Fattah et al. [3], and to the rollup of the
interface as demonstrated by the calculations of Zabusky et al. [8]. Planar shock interactions with
low density layers located along the wall create shock precursor effects. This leads to a turbulent
wall jet as shown in the shock tube experiments of Reichenbach and Kuhl [7]. In these examples,
the shock interaction with the interface creates vorticity by a baroclinic mechanism: VpxVp.

This shear layer is hydrodynamically unstable, and rapidly evolves into a turbulent mixmg region.

Considered here is a new class of such problems, which can be used to study turbulent
mixing in boundary layers that are dominated by density effects -in contrast with classical
boundary layers that are dominated by viscous effects. In this respect, the current problem can be
considered as a boundary layer version of the classic free shear layer experiments by Brown and
Roshko [1]. The problem consists of the interaction of a planar sho.ck wave with a Freon layer
located along the floor of the test section of a shock tube. Shock interactions with the density
interface create a wall shear layer that rapidly rolls up into a turbulent boundary layer. Described
here are shock tube experiments and direct numerical simulations of this problem.

2. Problem Description

Experiments were performed in the Ernst Mach Institut shock tube. Figure 1 shows a
schematic of the test section which had an effective rectangular cross-sectional area of 7.5 cm by
4 cm. The wall layer was created by means of a fixture that was inserted into the shock tube. It
contained a plenum for the injected gas, covered by a 65 cm-long porous ceramic plate
(Filtrokelit) that spanned the 4 cm width of the shock tube. The plenum was filled with Freon-12
at a pressure of Ap, =0.5 bars and run fore about one minute—to achieve essentially 100

percent Freon concentration in the plenum, and to cleanse the pores of the ceramic plate of

24 Kuhl, A. L., Reichenbach, H. & Ferguson, R. E., (1991) Shock interactions with a dense-gas wall layer, presented
at the Eighteenth Int. Symposium on Shock Waves, 21-26 July 1991, Sendai, Japan. Published in Shock Waves:
Proceedings of Eighteenth Int. Symposium on Shock Waves (K. Takayama Ed.) Springer, Berlin pp. 159-166.
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residual air. Next, the Freon valve V- was closed and the shock tube was purged of contaminated
gases. Then the Freon valve was opened and the plenum was pressurized to Ap, =1.5 bars for a

time At, (typically 2 seconds) and then the shock tube diaphragm was broken mechanically. To
increase the reproducibility of the experiments, all filling procedures were computer controlled.

This procedure created a thin layer (~ 0.3 cm) of pure Freon-12 on the floor of the test
section. Above this, the Freon concentration decreased gradually in a thicker (~ 1.5 cm) diffusion
layer. This was caused by residual air pollution in the pores of the ceramic plate, and by bi-
molecular diffusion processes. The resulting layer was a 2 cm-thick by 65 cm-long laminar layer
of Freon whose concentration profile was independent of x. The layer could be controlled by the
Freon plenum pressure Ap, and duration At ; best results were achieved with Ap,. = 1.5 bars

and Az, =2 seconds.

High-speed photography was used as the primary flow field diagnostic—to make visible
the turbulent mixing processes occurring in the wall layer. It consisted of 24 sequential frames of
shadow-schlieren photographs that were recorded by EMI's Cranz-Schardin camera. In addition,
Mach-Zhender interferometry was used to evaluate the pre-shock density profile of the Freon
layer.

Figure 2 shows a schematic of the computational domain that was used for numerical
simulations of the experiments. A rectangular x-y Cartesian grid of 150 cells by 600 cells was
employed. The mesh spacing was uniform with Ax = Ay =0.05 cm. The grid was initialized with

a quiescent air atmosphere: p, =1.223x107 g/cm’, p, =1 atm and u, =v, =0. The Freon layer
was then modeled by a Tanh(y) profile, which approached the Freon density on the wall
P =4p,. The left boundary of the grid was fed with constant conditions corresponding to the

state behind a M, =138 shock wave: p,=1.65xp,,p, =2.06xp, and u, =1.86x10* cm /s .

Outflow boundary conditions were used on the right boundary. The roof and floor were treated
as inviscid (slip) walls. Both the air and the Freon were modeled as an ideal gas with y=1.4.

3. Experimental Results

Figure 3 presents a sequence of photographs showing the interaction of a M, =1.38 air

shock with a Freon layer. The pre-shock structure of the layer is visible in the first frame. The
white band along the floor consists of pure Freon, about 0.3 cm thick. The black band above it is
the aforementioned diffusion layer, where the Freon concentration gradually decreases to zero.
The complete layer is about 2 cm thick in this experiment.

The sound speed in the layer was smaller than that in the air above it, hence the shock
propagation was retarded in the layer. This caused the shock front to be curved near the floor.
The oblique shock compressed the layer and reflected from the floor as a regular-reflection shock
structure. The reflected shock reflected off the layer interface as a rarefaction wave, which
stopped the compression of the layer. The rarefaction wave reflected back and forth within the
layer, causing periodic accretions and depletions of density. These effects are clearer in the
numerical simulation presented in the next section.

By about 10 cm behind the shock, the wave dynamics effects had damped out, and
mixing processes began to dominate. Figure 3 shows that the flow was very unstable, and for
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At=035ms, it rapidly evolved into a turbulent mixing layer—even in these small-scale

experiments. Although the flow was no doubt three-dimensional, one can occasionally identify
large-scale structures (e.g., At =0.85ms and 0.95 ms) that entrain Freon from the wall layer.

These structures created density striations that point up and to the right at an angle of about 30
degrees from the floor. Similar striation effects are found in the numerical simulations. One can
also observe fine-scale structures, especially near the top of the layer.

4. Numerical Simulations

A numerical simulation of the preceding experiment was also performed. As an
approximation, it was assumed that the flow was two-dimensional and inviscid. Hence, its
dynamics were governed by the mass, momentum and energy conservation laws of gas dynamics.
These were solved numerically by the high-order Godunov scheme of Colella and Glaz [2]. The
computational setup was shown in Figure 2.

Figure 4 presents contour plots that show the initial shock interaction with the wall layer.
The pressure contours show the refraction of the shock front in the layer, the reflection at the
floor, and the formation of periodic expansion and compression waves in the layer. The internal
energy contours show the periodic compaction (x = 61 cm and 71 cm) and expansion (x = 66 cm)
of the surface. The vorticity contours show that vorticity is generated at the point where the
shock interacts with the layer interface. The Freon concentration contours show that the interface
begins to rollup almost immediately behind the shock front. At distances greater than about 10
cm behind the shock (x < 61 cm in Fig. 4), the rotational structures pair and merge into larger-
scale structures.

Figure 5 depicts flow field contours at Ar=0.5 ms after shock passage at x = 70 cm.
They show an intense mixing with a spectrum of length scales. As is characteristic of variable-
density flows, the vorticity contours show that counter-sign vorticity (solid lines) are
baroclinically generated in the braid region between rotational structures. Peak values are about -
0.5 times the peak value of the vorticity of the main flow. The counter-sign vorticity, of course,
increases the complexity of the mixing. The tendency in these two-dimensional calculations is to
form multiple merging of vortices. At later times, this tendency leads to predominantly large-
scale structures. In three-dimensional flow, however, vortex stretching and tangling will maintain
the fine-scales within the large structures—as is evident in the photographs of Figure 3. Future
calculations should include the three-dimensional effects.

The flow field was sampled at station x = 70 cm, and time-averaged profiles in the wall
layer were evaluated. The mean flow profiles are presented in Figure 6. Flow variables were
non-dimensionalized by the free-stream values, denoted by subscript o« . The profiles are
qualitatively similar to our previous simulations of the dusty boundary layer behind a shock [4].
The streamwise velocity profile indicates that the layer remained about 2 c¢cm thick during this
time period—thus eliminating the need for self-similarly stretching the grid to account for
growth of the layer. Density effects cause the velocity to decrease to u# =0.2U, at the floor; if

viscous effects were included in the laminar sub-layer, then the velocity would go to zero at y = 0.
In accordance with the negative displacement effect of shock-induced boundary layers, the mean
transverse velocities are negative in the layer and reach a peak value of v =-0.035U_, . The mean

density reaches a peak value of about p =3.8p, because of the Freon near the floor; hence, this
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mixing layer is strongly influenced by density effects. The mean pressure is essentially constant
throughout the layer.

Figure 7 presents the corresponding fluctuating flow profiles. Again, these profiles are
qualitatively similar to our dusty boundary layer simulations [4]. The streamwise velocity
fluctuations peak at a value of u'=0.31U_, which is typical of boundary layers. The transverse

velocity fluctuations peak at a value of v'=0.26U_: this is probably too large by a factor of

two—due to the two-dimensional flow approximation. The Reynolds stress u'v' is positive,
indicating that mixing is feeding fluctuating kinetic energy back into the mean flow; peak values

reach u'v'=0.0075U2 . Density fluctuations are of order 100 percent, due to the Freon.

Fluctuations in dynamic pressure and stagnation pressure are also large (e.g., 50 percent) near the
floor.

5. Conclusions

Shock interactions with a dense-gas layer create a shear layer on the wall by an inviscid
(i.e., baroclinic) mechanism. The wall shear layer is unstable, and rapidly rolls up into a three-
dimensional, turbulent mixing layer with a variety of mixing scales. One of the most interesting
features of this problem is that it provides a method for studying high-Reynolds number,
turbulent wall layers that are dominated by baroclinically-generated vorticity and density
effects—in contrast with classical boundary layers that are dominated by viscous effects. This
problem also provides a gasdynamic simulation of turbulent dusty boundary layers if the dust
particle diameters are very small. Measurements of both the mean and fluctuating flow profiles
of this mixing layer should be performed to check the present numerical predictions.
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7. Height of Burst Curves

7.1 HOB curves from 1-g Nitropenta charges®
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Figure 24. NP height-of-burst curves for a smooth surface (symbol O) and an ideal surface
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2 Reichenbach, H. & Kuhl, A. (1991) HOB curves for 0.5-g NP charges, DNA-TR-90-223, Defense Nuclear
Agency, Alexandria, VA, 38 pp.
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7.2 HOB curves from 8-1b PBX9404 charges®
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Figure 3-27. Peak overpressure HOB curves from 8-1b PBX-9404 spheres, 70 - 10,000 psi.

®H. 7. Carpenter, D. J. Michalski, Eight-lb PBX9404 HOB Experiments, Volume 1: Experimental Description and
Data Analysis, DNA-TR-94-129-V1, Defense Nuclear Agency, 1995.
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7.3 Nuclear HOB Curves for Ideal Surfaces™
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Summary and Conclusions

1. Radiation-Hydrodynamic Wave
If one considers explosion effects close to a nuclear weapon (R<8m/KT", t<0.1ms/KT"),

the flow field must be calculated with a radiation hydrodynamics code. Simulations of a free-air
burst should be performed and compared with Brode’s solution based on a radiation diffusion
model (RM-2248).

2. Blast Waves from Nuclear Explosions

The hydrodynamic range of the explosion starts when the bomb case shock overtakes the
radiation diffusion front (R=8m/KT" and t=0.1ms/KT"). At this point, the blast wave can
be calculated with a gasdynamics code”’. The computational grid can be initialized by the point
source similarity solution applied at a convenient point along the free air curve. The domain must
be initialized by a realistic atmospheric structure (U.S. Standard 1962 Atmosphere, or
atmosphere measured on a specific test event). Results presented in Problem I can be used to
check the accuracy of numerical simulations of unconfined nuclear explosions; the free air curve
serves as the standard measure.

3. Blast Wave Reflections from Ideal Surfaces

The ability of a code to calculate flow fields behind reflected shocks can be checked by
performing numerical simulations of shock reflections from wedges. Three cases were proposed
(corresponding to regular reflection, Mach reflection and double-Mach reflection), but there are
12 other cases available. The ability of a code to accurately predict reflected blast wave pressures
in the high-pressure regime can be verified by numerical simulations of the 8-1b charge
experiments of Carpenter (DNA-TR-94-129). One case was proposed (HOB=51.66cm), but

data from 12 other heights of burst are available.

4. Blast Wave Reflections from Ground Surfaces

The principal difference between blast waves from nuclear explosions and blast waves from HE
charges is the existence of the Precursor Regime. Thermal radiation from the nuclear fireball
creates a hot thermal layer on the ground surface. The shock front runs faster in the thermal layer,
leading to a precursor shock structure with an embedded wall jet. This wall jet scours dust from
the surface, forming a turbulent wall jet flow. The stagnation pressure in the wall jet can be an
order of magnitude larger than the corresponding ideal surface case (see Fig. 4 of the
Introduction). Based on experimental data described in EM-1, the precursor regime is:

HOB <~ 700 " and GR <~1100 ¢/ KT . To compute the flow field above the surface in the
p

precursor regime, one must model the thermal layer, turbulent wall jet and dusty boundary layer
flow; the models described in Problem 3 (with the iLES model of turbulence) are recommended.

If one is outside the precursor regime (i.e., HOB > 700 ft / KT"* or GR>1100 ft/ KT"”), one can
treat the surface as ideal and model it with gasdynamic code simulations.

*7 As the fireball temperature drops due to adiabatic expansion, internal energy re-distribution occurs by convective
flow, which is faster than radiation diffusion, and a gasdynamic model is adequate.
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5. Spherical Mixing Layers

The turbulence fields have been studied by iLES simulations of turbulent combustion clouds.
Taking advantage of the point symmetry of the problem, the flow fields were azimuthally
averaged to extract the mean and rms profiles of thermodynamic and kinematic variables, the
mixing layer profiles and the evolution of the turbulent kinetic energy spectra. These results can
be used to construct models of spherical mixing layers in explosions. And they can be used to
check the accuracy of existing turbulence models (k- ¢, etc.) to predict turbulent mixing layers
in explosions.

6. Kelvin-Helmholtz Mixing Layers

To check the ability of hydro codes to simulate slip lines and shear layers embedded in
explosions, four free shear layer problems were proposed. These correspond to the seminal
experiments of Brown & Roshko (1974) and Oster & Wignanski (1982). Such flows are
dominated by the rotational velocity component whose simulation can be problematic for
Lagrangian-based numerical algorithms. Both two-dimensional and three-dimensional
simulations are recommended.

7. Wall Mixing Layers

For explosions over ground surfaces, one must model the entrainment and mixing of the dust
from the surface. An iLES approach was recommended in Problem 6—whereby the dust is
entrained and transported by the rotational structures of the turbulent boundary layer flow. The
ability to model the turbulent boundary layer flow is crucial to predicting loads on above ground
structures —especially in the precursor regime.

8. HOB Curves

Height-of-burst curves are often used in targeting applications, for example, to select the HOB to
maximize the damage radius for a selected overpressure. If one is interested in the high-pressure
(precursor) regime, one needs HOB curves based on stagnation pressure impulse (which do not
now exist). If one is interested in the low-pressure regime (Ap, <15 psi), HOB curves for ideal

surfaces are sufficient.

9. Parametric Studies

Structural response of above ground structures is proportional to the stagnation pressure impulse.
To compute loads in the precursor regime, one needs the stagnation pressure histories as a
function of: (i) height above the surface, (ii) ground range and (iii) height of burst. Such flow
fields can be computed with the models described in Problem 3. A computational matrix is
suggested in Table 1. Results can be checked against data from nuclear test events. The flow
fields can also be used to initialize numerical simulations of dust clouds from nuclear explosions,
to be performed with our low-Mach number AMR code.
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Table 1. Computational Matrix for Simulating Nuclear Events

HOB* SHOB
Case US Test Events (ff) (i) KT

1 Small Boy/Little Feller surface 0
2 | Trinity (19 KT) 100T 37
3 | UPSHOT KNOTHOLE-Simon (43 KT) 300T 81
3> | UPSHOT KNOTHOLE-Badger (23 KT) 300T 106
4 | TEAPOT-Met (22 KT) 300T 137
5 | PLUMBBOB-Priscilla (37 KT) 700B 200
6 | Tsar Bomba (58 MT) 10/30/61 12,000 312
7 | UPSHOT KNOTHOLE-Climax (61 KT) 1,334 322
8 | PLUMBBOB-Hood (74 KT) 1,500 340
9 | PLUMBBOB-Stokes (19 KT) 1,500 533
10 | Nagasaki (~22 KT) 1,640 585
11 | PLUMBBOB-Charleston (12 KT) 1,500 621
12 | UPSHOT KNOTHOLE-Encore (27 KT) 2425 766
13 | Hiroshima (~12 KT) 1,850 808
14 | TUMBLER SNAPPER-Charlie (31 KT) 3,447 1040
15 | UPSHOT KNOTHOLE-Dixie (11 KT) 6,020 2,564

* Samuel Glasstone, Editor, The Effects of Nuclear Weapons, U. S. AEC, 1962, 730 pp.
T = tower shot, B = balloon shot
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Recommendations

1. Test Problems
Problems 1-6 should be added to the official suite of test problems used to check hydro-codes
developed in A and B Programs.

2. Radiation-Hydrodynamic Wave
The radiation-hydrodynamic wave from a nuclear charge should be computed with LLNL codes.
Results should be compared with Brode’s numerical simulation (RM-2248).

3. Reflections from Ideal Surfaces
The ability of AX Division codes to accurately predict reflections from ideal surfaces should be
checked by performing shock reflections from wedges and blast wave reflections from an ideal
surface—as described in Problem 2.

4. Spherical Mixing Layers
The solution of the turbulent flow field presented in Problem 4 should be used to construct and
validate turbulent mixing models for spherical explosion fields.

5. Shear Layers

The ability of AX Division hydro codes (and/or turbulence models) to accurately predict
turbulent mixing in free shear layers should be verified by simulations of the four cases
presented in Problem 5.

6. Stagnation Pressure HOB Curves

To define the blast loads in the high-pressure regime, a set of numerical simulations of nuclear
explosions over ground surfaces should be performed with the models described in Problem 3.
Heights of burst should include cases 2-10 identified in Table 1. The flow fields will be analyzed
to produce stagnation pressure impulses as a function of ground range, height above the surface
and HOB.
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PROPOSALS

Proposal 1:
Modeling Spherical Mixing in Explosion Fields

The turbulence fields in spherical combustion clouds have been studied by iLES simulations of
the explosion of a spherical TNT charge (Problem 4). Taking advantage of the point symmetry of
the problem, the flow fields were azimuthally averaged to extract the mean and rms profiles of
thermodynamic and kinematic variables, the mixing layer profiles and the evolution of the
turbulent kinetic energy and its spectrum. These results will be used to construct models of
spherical mixing layers in explosions. And they can be used to check the accuracy of existing
turbulence models (k —¢ , etc.) to predict turbulent mixing layers in explosions.
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PROPOSALS

Proposal 2:
Parametric Studies of Turbulent Mixing
in Nuclear Explosions over Ground Surfaces

Numerical simulations of the flow field created by nuclear explosions over ground surfaces will
be performed with our AMR explosion code (AMR-EC). The code uses the iLES (implicit
Large-Eddy Simulation) approach to capture the energy-bearing scales of turbulence on the
computational grid, so no turbulence modeling is needed. Adaptive Mesh Refinement (AMR) is
used to follow the evolution of turbulent mixing regions in the flow. The code contains empirical
models of the thermal layer and fluidized bed, needed to model the turbulent wall jet and dusty
boundary layer flow from first principles (i.e., vorticity in the boundary layer entrains dust from
the fluidized bed and distributes it throughout the flow via turbulent mixing). Eleven heights of
burst in the precursor regime will be studied:

* HOB=0 ft/KT" (Small Boy/Little Feller)

* HOB=37 ft/KT" (Event Trinity)

* HOB-=81ft/KT" (UPSHOT KNOTHOE-Simon)

* HOB=106 ft/ KT"” (UPSHOT KNOTHOLE-Badger)
 HOB=137 ft/ KT"” (TEAPOT-Met)

e HOB=200 ft/ KT" (PLUMBBOB-Priscilla)
 HOB=322 ft/KT" (UPSHOT KNOTHOE-Climax)
* HOB=533ft/KT" (PLUMBBOB-Stokes)
 HOB=621ft/KT" (PLUMBBOB-Charleston)

* HOB=1766 ft/ KT" (UPSHOT KNOTHOE-Encore)

* HOB=1040 ft/ KT" (TUMBLER SNAPPER-Charlie)

The results will be analyzed to determine the stagnation pressure history and positive phase
impulse as a function of: (i) height above the surface, (ii) ground range and (ii7) height of burst.
Results can be checked against data from nuclear test events. The flow fields can also be used to
initialize numerical simulations of dust clouds from nuclear explosions, to be performed with our
low-Mach number AMR code.

197



PROPOSALS

198



PROPOSALS

Proposal 3:
V&YV of Shock Hydrodynamics Codes

1. Radiation-Hydrodynamic Wave (V&YV)
The radiation-hydrodynamic wave from a nuclear charge should be computed with LLNL codes.
Results should be compared with Brode’s numerical simulation (RM-2248).

2. Reflections from Ideal Surfaces (V&V)

The ability of AX Division codes to accurately predict reflections from ideal surfaces should be
checked by performing shock reflections from wedges and blast wave reflections from an ideal
surface, as described in Problem 2.

3. Kelvin-Helmholtz Mixing Layers

To check the ability of hydro codes to simulate shear layers embedded in explosions, four free
shear layer problems were proposed. These correspond to the seminal experiments of Brown &
Roshko (1974) and Oster & Wignanski (1982). Such flows are dominated by the rotational
velocity component whose simulation can be problematic for Lagrangian-based numerical
algorithms. Both two-dimensional and three-dimensional simulations are recommended.
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